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ABSTRACT 
Zoogeographical analysis of mitochondrial diversity in the house fly, Musca 
domestica L. (DipterarMuscidae). 
Single strand conformation polymorphisms (SSCP) were surveyed in 111 
natural housefly populations (ca. 2400 flies) from Wallace's zoogeographical regions 
including the Nearctic, Neotropical, Ethiopian, Oriental, Australian, and Palearctic. 
The resolution of SSCP was evaluated by analyzing nucleotide diversities within 
and between SSCP phenotypes . The efficacy of analyzing frequency data on gel 
phenotypes at eight loci and on haplotypes formed by combining alleles at two, 
three, four, five, and eight loci was examined. 
The resolution achieved with the SSCP method was estimated to be 64% of 
available nucleotide variation at the loci studied. Haplotypes formed by alleles at two 
loci were as informative about population structure as haplotypes composed of a 
greater number of loci. Increasing the number of loci above two increased diversity 
estimates within populations only. The two most variable and consistently 
amplifiable loci (16S2 and CO//) were then chosen to survey diversity in all 
populations. 
Forty-eight haplotypes were detected. No haplotype was ubiquitous, and 24 
(55%) were confined to a single zoogeographical region. The regional diversity 
indices Hs were heterogeneous. The differentiation among regions Gsr was 0.49 
viii 
and differentiation within regions G  ^was 0.32, indicative of a high degree of 
population structuring. 
In the New World the number of haplotypes and gene diversities were 
homogeneous among the six subregions examined, but a strong spatial component 
was found in the distribution of haplotypes, particularly in the Nearctic. Nei's 
differentiation index GRT was 0.53 among subregions. Most (69%) of the variance 
of haplotype frequencies was attributed to differences among populations within 
subregions. Greater differentiation was found among populations in the Nearctic 
than in the Nootropics. 
The research indicated high degrees of structuring at all hierarchical levels 
thus suggesting low rates of maternal gene flow, a surprising result considering the 
great vagility of house flies and the opportunities for distribution via commercial 
transport. 
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GENERAL INTRODUCTION 
The house fly, Musca domestica L. (Diptera: Muscidae), is a cosmopolitan, 
eusynanthropic insect of importance in human and animal health, because of its 
ability to vector disease causing organisms (Greenberg 1971). This insect thrives in 
a wide variety of habitats (West 1951), and shows great phenotypical and genetical 
diversity (Milani 1967). 
Reproduction. House flies are iteroparous, producing several batches of 
eggs, the frequency and development rate of each cycle depends on temperature 
and availability of exogenous protein resources (Elvin and Krafsur 1984). House 
flies have a great reproductive potential and can double their population size in five 
to seven days. Its generation time is longer than that (Krafsur 1985). House fly 
fecundity, as estimated by the number of functional ovarioles, varies seasonally 
around a mean of 103.2, is highest in spring, lowest in late August, and increases in 
late summer and early autumn (Krafsur 1985, Black and Krafsur 1987). Seasonal 
changes in house fly fecundity are positively correlated with seasonal changes in 
adult size, which in turn are negatively correlated with changes in larval density. 
Thus, the spatial and temporal changes in availability and quality of larval resources 
are determinant factors in fecundity (Black and Krafsur 1987). 
Bionomics. House flies do not diapause nor survive temperatures of -5°C 
for more than two hours (Resales et al. 1994). Therefore, in temperate climates 
house fly overwintering occurs in réfugia such as heated buildings and livestock 
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facilities, where they breed slowly (Krafsur 1985, Black and Krafsur 1986b). Thus, 
house fly populations in every winter become fragmented, greatly decreasing in 
size, and experience recurrent local bottlenecks. In Iowa, colonization of outdoor 
environments occurs every spring and population numbers reach a peak by mid 
August (Black and Krafsur 1985,1986a). 
Phenotypic diversity. Earlier surveys of natural house fly populations 
worldwide revealed striking ecological and morphological differences resulting in the 
description of different forms. Detailed descriptions of these forms were made by 
Patton (1933,1936,1937). He distinguished among forms on the basis of 
abdominal coloration, and male head/frons width ratio. However, these characters 
are strongly influenced by environmental factors and they probably do not represent 
evolutionary independent lineages (Sacca 1967, Hulley 1978). 
The great morphological diversity of house flies across the zoogeographical 
realms has caused confusion in species identification and controversy among 
biologists regarding the assignation of intraspecific taxonomic status to different 
forms. Currently, most biologists recognize two subspecies: M. d. calleva Walker 
(1849) and M. d. curviforceps Saccà and Rivosechi (1955). Both are endemic to the 
Ethiopian region (Saccà 1967). There is controversy, though, regarding the 
taxonomic status of house flies outside Africa and Western Europe. Saccà (1967) 
recognizes three forms, calleva, vicina, and nebulo, as constituents of a geographic 
cline of M. domestica sensu stricto, based on the ratio offrons to head width of 
3 
males and on the abdominal coloration. Paterson (1974), on the other hand, 
proposed using a third subspecific taxon M. d. domestica for all house flies outside 
the Ethiopian region. 
Genetic diversity. Allozyme electrophoresis was used to track seasonal 
changes in allele frequency in age structured house fly populations in central Iowa 
(Black and Krafsur 1986a, 1986c). Flies showed heterogeneous allele frequencies 
among farms in spring, indicating population differentiation. However, populations 
reached allelic homogeneity by summer and remained so until late autumn, when 
they diverged again with the onset of cold temperatures. 
House fly dispersal in spring and summer is expected to restore allelic 
homogeneity among adjacent house fly populations. However, the homogenizing 
effect would be less among more widely separated populations. In the long run 
recurrent bottlenecks could cause populations to drift and lose allelic diversity where 
the overwintering survivors were few and widely scattered. If the foregoing scenario 
is true for house fly populations in temperate climates, one would expect less 
diversity, but more differentiation, in house fly populations in temperate than in 
tropical climates. 
House fly mitochondrial genome. The mitochondrial genome (mtDNA) in 
most metazoans is a circular DNA molecule of 16 to 20 kb, holding the genes for 13 
proteins, 22 transfer RNAs, and two ribosomal RNAs (Moritz et al. 1987). The size, 
gene content, and gene order of the mtDNA is conserved across a wide range of 
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taxa (Avise 1986). In house flies the mtDNA is 16 kb long and has a gene 
arrangement similar to that in Drosophila yakuba and Drosophila silvestris 
(Roehrdanz 1992). 
The mtDNA is transmitted predominantly, if not exclusively, through maternal 
lineages; the contribution of paternal lineage to the mitochondrial genome is a rather 
rare event (Avise 1991). Also, the mtDNA lacks recombination and evolves 5-10 
times faster than single copy nuclear genes in mammals (Brown et ai 1979, Avise 
et al. 1987). Therefore, it is a useful molecular marker to study genetic variation and 
patterns of maternal gene flow in natural populations. 
Single strand conformation polymorphism (SSCP). This technique 
distinguishes alleles by differential migration of conformations of single stranded 
DNA molecules, when electrophoresed through native polyacrylamide gels. The 
major determinants in the formation of stable conformations are DNA nucleotide 
sequence and temperature. Stable conformations separate and come to occupy 
different, repeatable positions on the gel (Hiss et al. 1994, Appendix B), thereby 
allowing allele scoring on a series of individuals. The SSCP method can detect up 
to 95% of point mutations in single stranded DNA molecules < 400 bp (Orita et al. 
1989), if appropriate conditions are determined. 
Dissertation organization. Here I present analyses of population structure 
of Musca domestica at various geographic scales. The analyses are based on the 
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spatial distribution of haplotypes at up to 8 mitochondrial loci as detected by the 
single strand conformation polymorphism (SSCP) technique. 
The first chapter presents the results of the analysis of the resolution power 
of SSCP to survey gene diversity in natural populations. Sources of error are 
identified and discussed. The consistency of SSCP is indirectly examined by 
analyzing the nucleotide diversity within and among gel phenotypes. This paper is 
going to be submitted for publication in the Journal of Biochemical Genetics in 
shared authorship with Elliot S. Krafsur (Major Professor). 
The second chapter examines the efficacy of using single locus alleles or 
haplotypes constituted by combining alleles from two, three, four, five, and eight loci, 
to examine population structure. The results are applied to examine gene flow 
between African and North American house fly populations, and extended to further 
studies of gene flow among geographically distant populations. This paper is going 
to be submitted for publication in the Journal of Heredity in shared authorship with 
Elliot S. Krafsur (Major Professor). 
The third chapter presents a hierarchical analysis of gene flow within and 
among house fly populations from six zoogeographical regions. I examine the 
degree of population differentiation by means of three indices and discuss their 
advantages and disadvantages. The hypothesis of neutrality of mtDNA is evaluated 
by examining the distribution of haplotype frequencies in each zoogeographical 
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region. This paper has been submitted for publication in the Journal of Heredity in 
shared authorship with Elliot S. Krafsur (Major Professor). 
The fourth chapter presents the analysis of gene flow among house fly 
populations from six zoogeographical subregions in the New World. The hypothesis 
of neutrality of mtDNA is evaluated by examining the distribution of haplotype 
frequencies in each zoogeographical subregion. This paper will be submitted for 
publication in the Journal of Medical Entomology in shared authorship with Elliot S. 
Krafsur (Major Professor). 
My analysis of house fly mitochondrial gene frequencies will continue with an 
examination of population structure in Palearctic, Oriental, and Australasian house 
fly populations. That, however, is an ongoing task the results of which will not be 
presented here. 
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CHAPTER I. RESOLUTION POWER OF SINGLE STRAND CONFORMATION 
POLYMORPHISM IN MITOCHONDRIAL DNA OF Musca domestica L. 
(DIPTERA: MUSCIDAE). 
A paper to be submitted to the journal of Biochemical Genetics 
Jose G. Marquez and Elliot S. Krafsur 
Abstract 
The single strand conformation polymorphism (SSCP) technique was used in 
evaluating gene diversity at three mitochondrial loci in natural house fly populations. 
The nucleotide sequences of all SSCP phenotypes were obtained, and the 
nucleotide diversity within and among phenotypes was evaluated. Different sources 
of error were identified and assessed. The resolution power of SSCP, as applied to 
natural surveys of gene diversity, was empirically evaluated by analyzing DNA 
nucleotide within and among SSCP phenotypes. 
Introduction 
Most populations occur in semi-isolated units exchanging reproducing 
migrants at a rate that is dynamic over time but that can also be thought of as 
constant over a long period of time. Population genetic surveys aim to estimate that 
rate of reproducing migrants, e.g. gene flow, among populations, by analyzing gene 
diversity within and between populations (Nei 1987). 
The amount of gene diversity required to estimate reliably gene flow should 
be consistent with the geographic scale under investigation. Too much variation 
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could blur the signal left by reproductive migration, while too little may fail to detect 
it. The foregoing considerations influence the selection of techniques to measure 
genetic variation. There is a vast amount of DNA sequence variation in natural 
populations. However, detecting it by nucleotide sequencing is expensive and 
practically prohibitive for population genetic studies. Nowadays, however, there are 
several more cost efficient methods to detect that variation. The single strand 
conformation polymorphism (SSCP) technique detects nucleotide polymorphism in 
short DNA fragments (<; 400 bp) by differential mobility of single stranded DNA 
molecules, when electrophoresed through native polyacrylamide gels (Orita et al. 
1989). When double stranded DNA molecules denature, they form different stable 
conformations based on intra-strand base pairing, which come to occupy different, 
repeatable positions on the gel after electrophoresis (Hiss et al. 1994). The major 
determinants of single strand conformations are nucleotide sequence, temperature, 
and ionic concentration (Hayashi and Yandell 1993). The effectiveness in 
distinguishing conformations by electrophoresis is influenced by temperature during 
electrophoresis, type and concentration of buffer, gel matrix structure, and neutral 
gel additives like glycerol (Glavac and Dean 1993). The SSCP technique can detect 
up to 99% of point mutations in single strand DNA molecules between 100-300 bp, 
and 88% in molecules between 300 and 400 bp (Hayashi et al. 1991). However, 
optimal SSCP conditions need to be determined empirically to achieve such 
resolution levels. The optimization of SSCP conditions is time consuming and 
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requires a priori knowledge of the mutations to be detected. 
Useful guidelines for SSCP optimization are provided in Glavac and Dean 
(1993). In general, the resolution obtained with cold electrophoresis is better than 
that at room temperature; acrylamide concentrations of 5 to 8% with 2 to 5% cross 
linkers provides good separation of conformations; glycerol concentrations between 
2 and 5% improve resolution because it has a weakly denaturing effect on DNA; and 
addition of strong dénaturants to polyacrylamide gels do not necessarily improve 
resolution. SSCP is a simple, highly sensitive, cost effective method of detecting 
DNA variation which allows processing of many individuals at a time, and thereby it 
is useful for population genetic studies (Black and DuTeau 1997). When used for 
large samples, SSCP need not be optimized for resolution power alone, but for 
consistency across samples with an informative resolution. Theoretically, one point 
mutation can cause a conformation change in a single stranded DNA molecule. For 
DNA molecules with high mutation rates SSCP phenotypes will most likely differ at 
several nucleotide positions. Therefore, consistent assignment of SSCP 
phenotypes across samples will minimize the number of nucleotide differences 
among DNA molecules (genotypes) of a phenotype, relative to the differences 
among DNA molecules of different phenotypes. Furthermore, consistency can be 
examined by analyzing the nucleotide diversity within and between SSCP 
phenotypes. 
In this report, I evaluate two types of errors in assigning SSCP phenotypes: 
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(1 ) classifying identical genotypes (identical DNA molecules) into different 
phenotypic categories (type I error), and (2) classifying different genotypes into 
identical phenotypic categories (type II error). Both types of error could originate 
from changes in SSCP conditions from run to run and/or inconsistent scoring. Also, 
I report the empirical resolution power and consistency of SSCP in detecting 
diversity at three mtDNA loci in natural M. domestica populations. 
Materials and Methods 
DNA extraction. Total DNA was extracted from ethanol preserved flies by 
using the hexadecyltrimethylammonium bromide (CTAB) method of Boyce et al. 
(1989) modified by Shahjahan et al. (1995). Total DNA was resuspended in 100 pL 
of double distilled autoclaved water. 
Primers. A list of oligonucleotide primers used in polymerase chain reaction 
(PGR) amplification of mitochondrial loci is presented in Table 1. These primers 
were designed for Drosophila melanogaster and other insects (Simon et al. 1994), 
and were purchased from Integrated DNA Technology Inc. 
PGR methods. Mitochondrial DNA was amplified in 25 pL PCRs as follows: 
1.9 mM [Mg++], 0.4 mM [dNTP], 0.5 nM each primer, 0.2 ng/^ L of bovine serum 
albumin (BSA), 2 pL of CTAB DNA extract, and 30 pL of mineral oil overlay. The 
thermocycling profile consisted of 30 cycles of 35 sec @ 93°C, 18 sec @ 50°C, and 
18 sec @ 72°C. PCR products were electrophoresed in agarose gels consisting of 
1.2% agarose in 0.5X tris-borate [90 mM] EDTA [1 mM] pH 8.9 buffer, to test for yield 
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and contamination. 
Polyacrylamide gel matrix. Non-denaturing polyacrylamide SSCP gels of 
1.5 X 140 X 160 mm were used to resolve single-stranded mtDNA conformations. 
The gels consisted of 8.55% acrylamide (w/v), 0.45% N-N-methylenebisacrylamide 
(w/v), 5% glycerol (v/v), 0.15% TEMED, 0.05% ammonium persulfate, and 0.0625% 
photoflo, in tris-borate [90 mM] EDTA [1 mM] pH 8.9 buffer. The gels polymerized 
for one hour and then cooled to 4°C before loading the PGR products. 
SSCP methods. Five nL of PGR product were mixed with 3 nL of SSCP 
buffer (95% formamide, 10 mM NaOH, 0.05% bromophenol blue, and 0.05% xylene 
cyanol FF), heated to 95°C for 5 minutes, cooled on ice, and then 3 pl_ of the mix 
loaded onto polyacrylamide gels. Electrophoresis was performed in 1X tris-borate-
EDTA pH 8.9 buffer in a Hoeffer SE 600 system cooled to 0°C by a circulating water 
bath, at constant voltage of 1000 V.hr/gel, forf6Sf, and 600 V.hr/gel for 16S2 and 
con. 
Phenotype detection. Gel phenotypes were visualized by silver staining as 
described in Black and DuTeau (1997). The gels were fixed in 10% acetic acid for 
at least 30 minutes, washed 3 times with ddHzO for 3 minutes, stained in an 
aqueous solution of 0.15% AgNOa and 0.15% formaldehyde for 30 minutes, washed 
again 2 times with ddHzO for 3 minutes, and then put in cold developer solution of 
3% NaC02,0.15% formaldehyde, and 0.0002% sodium thiosulfate. The developing 
reaction was stopped when DNA bands became visible by adding fixative solution. 
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Phenotype distinction. Gel phenotypes were identified by measuring their 
migration distances from the gel origin, by referencing their migration to that of the 
200 bp fragment of the xMAIHinfl (Promega G1751) size marker, and by comparing 
their migration distances to that of allele standards in each gel. 
Gel-image files were created by using the public domain software NIH image 
(developed at the U.S. National Institute of Health) run on a Power Mac 7100/80 
computer. These images were used as references in distinguishing phenotypes 
from different electrophoresis runs. 
The empirical resolution power was estimated as the ratio of the number of 
SSCP phenotypes and the number DNA sequence genotypes. 
Genotypic analysis of SSCP phenotypes. The DNA nucleotide sequence 
of all SSCP phenotypes detected at 16S1, 16S2, and COU loci were obtained to 
check phenotypic identity across samples. PGR amplifications were made from flies 
of each phenotype and locus. A 3 pL sample of each PGR product was 
electrophoresed on 1.2% agarose gels and checked for PGR yield and 
contamination. PGR products were then sent to the DNA Sequencing and 
Synthesis Facility of Iowa State University, and their nucleotide sequences obtained 
by using the standard Sanger fluorescent dideoxytermination method in an ABI 
377™ automated DNA sequencing system. 
Nucleotide diversities within and between phenotypes was estimated 
according to Nei and Kumar (2000, formula 12.56). The average number of 
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nucleotide substitutions per site within phenotypes, TTX, was estimated as £ TTU 
[n(n-1 )/2]"1, where TTU is the number of nucleotide differences between the /th and 
yth sequences of phenotype x, and n is the number of sequences compared. The 
average number of nucleotide substitutions per site between phenotypes, dxy, was 
estimated by [n(n-1 )/2]"1, where n is the number of phenotypes and d9 is the 
number of substitutions per site between the /th and yth phenotypes, estimated by [-
VA Ln (1 - 4/3 p9)] where p9 is the proportion of nucleotide differences between the Ah 
and yth phenotypes. The nucleotide sequences were edited, aligned, compared and 
analyzed by using MEGA v 2.0 (Kumar et al. 2001 ) and DNAsp 3.14 software 
(Rozas and Rozas, 2000). Statistical analyses on nucleotide diversity were 
calculated by using SAS 6.12 (SAS Institute, 1996). 
Results 
Haplotype DNA sequencing. The DNA nucleotide sequence alignments for 
the SSCP phenotypes of 16S1, 16S2, and COU are presented in Tables 2, 3, and 4, 
respectively. SSCP phenotypes originated from nucleotide substitutions and/or 
insertions and deletions, but only nucleotide substitutions were used in comparing 
gel phenotypes and in estimating nucleotide diversities within and between 
phenotypes. 
Phenotypes whose nucleotide sequences shared all mutants at polymorphic 
sites were collapsed and treated as one in the analysis. Otherwise, phenotypes 
whose sequences differed by fixed mutations were considered different. This was 
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found among phenotypes A, L, O, and P at CO// (Table 4). 
Comparisons of nucleotide sequences of all SSCP phenotypes revealed that 
there was a mean 1.95 ± 0.71 genotypes associated with each phenotype. The 
average resolution over three loci was 47.5% and varied from 33.3 to 66.7% (Table 
5). 
Nucleotide diversities within phenotypes were significantly smaller than the 
diversities between phenotypes according to Kruskal-Wallis test of homogeneity 
(Table 6). The three-locus average nucleotide diversity within phenotypes was only 
a 7.3% of that of between phenotypes (Table 6), a remarkably small proportion. 
Discussion 
The resolution varied considerably among the three loci (33 to 67%), and it 
was less than previously reported values, e.g. 98% for molecules 100-300 bases of 
length (Hayashi 1992). However, high levels of resolution can be obtained only 
when the target mutation is known and SSCP conditions can be optimized for it, a 
condition that cannot be met when doing surveys of natural populations. SSCP 
optimization for each putative allele in a survey would not be practical. 
The approach used here was to draw inferences on SSCP consistency by 
analyzing the nucleotide sequence of a small sample of individuals of each 
phenotype. Erroneous assignations were detected at three CO// phenotypes, where 
identical genotypes were assigned different phenotypes (type I error), as revealed 
by the alignment of nucleotide sequences of all phenotypes. The type II error. 
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assigning different genotypes to one phenotype, cannot be detected by simple 
inspection of nucleotide sequence alignment because there is the possibility that 
different nucleotide sequences assume the same positions on gels if SSCP 
conditions are kept constant. 
Another relevant aspect of SSCP when applied to large samples is the 
consistency in phenotype designations. A consistent phenotype designation will 
reduce nucleotide diversity within phenotypes to the level determined by the 
nucleotide sequence kinetics and the electrophoretic conditions used. However, 
there is only so much control researchers have on keeping electrophoresis 
conditions constant. A helpful practice is to run standards on each gel and to 
reference phenotype gel migration to molecular size standards. Also, the analysis of 
nucleotide diversity can serve as a first diagnostic for inconsistent phenotypic 
assignation. 
The analysis of the nucleotide diversity within and between SSCP 
phenotypes indicated the ratio of within/between nucleotide diversity was 0.045, 
which means there was 22 times more nucleotide diversity between than within 
phenotypes. Those figures support consistent phenotype designations. 
In summary, the SSCP technique is a cost effective way to survey 
mitochondrial gene diversity in natural populations. However, the are some 
considerations, pertaining the reproducibility of the technique, that researchers need 
to be aware of. I found it necessary to obtain nucleotide sequences from individuals 
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from each phenotype. Alignment of nucleotide sequences can reveal type I errors in 
phenotype designations. Analysis of nucleotide diversity can indicate problems of 
consistency of phenotype assignations. 
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Table 1. Oligonucleotide primers used in PCR-amplification of house fly 
mtDNA loci from Simon et al. (1992). 
Locus Nucleotide sequence 5' to 3' Code 
1651 CCG GTC TGA ACT CAG ATC ACG T LR-J-12887 
CGC CTG TTT AAC AAA AAC AT LR-N-13398 
1652 GGT CCC TTA CGA ATT TGA ATA TAT CCT N1-J-12585 
ACA TGA TCT GAG TTC AAA CCG G LR-N-12866 
COII GGT CAA ACA ATT GAG TCT ATT TGA AC C2-J-3279 
GGT AAA ACT ACT CGA TTA TCA AC C2-N-3494 
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Table 2. Consensus nucleotide sequence alignment of haplotypes in 16S1 of 
Musca domestica L. 
Haplotype Nucleotide number 
1 1111111112 2222222223 3333333334 4444444445 
1234567890 1234567890 1234567890 1234567890 1234567890 
A ACTTAACATT TTAGCGGCTA CACCAAAATA TATCTCTTAA TCCAACATCG 
B A 
C 
D 
1 
5555555556 6666666667 7777777778 8888888889 9999999990 
1234567890 1234567890 1234567890 1234567890 1234567890 
A AGGTCGCAAT CTTTTTTATC GATATGAACT CTCCAAAAAA ATTACGCTGT 
B 
C 
D 
1111111111 1111111111 1111111111 1111111111 1111111111 
0000000001 1111111112 2222222223 3333333334 4444444445 
1234567890 1234567890 1234567890 1234567890 1234567890 
A TATCCCTAAA GTAACTTAAA TTTTTAATCG TTAATAACGG ATCAATTATT 
B 
C 
D 
1111111111 1111111111 1111111111 1111111111 1111111112 
5555555556 6666666667 7777777778 8888888889 9999999990 
1234567890 1234567890 1234567890 1234567890 1234567890 
A CATAAATTAA TGATTTAATT AATTAAAAGT TTTTTAAATT TTAATATCAC 
B 
C 
D R 
2222222222 2222222222 2222222222 2222222222 2222222222 
0000000001 1111111112 2222222223 3333333334 4444444445 
1234567890 1234567890 1234567890 1234567890 1234567890 
23 
Table 2, continued... 
A CCCAATAAAA TATTATCAAC AATCACAACA AAAAAAATCC ACAAAATTAT 
B G. 
C G. 
D Y Y G. 
2222222222 2222222222 2222222222 2222222222 2222222223 
5555555556 6666666667 7777777778 8888888889 9999999990 
1234567890 1234567890 1234567890 1234567890 1234567890 
A AATTGTCTAA ATATAAAGAT TTATAGGGTC TTCTCGTCTT TTAAATTTAT 
B ... .A 
C A 
D ... .A 
3333333333 3333333333 3333333333 3333333333 3333333333 
0000000001 1111111112 2222222223 3333333334 4444444445 
1234567890 1234567890 1234567890 1234567890 1234567890 
A TTTAGCTTTT TGACTAAAAA ATAAAATTCT ATTATAAATT TTTATGAAAC 
B 
C 
D C 
3333333333 3333333333 3333333333 3333333333 3333333334 
5555555556 6666666667 7777777778 8888888889 9999999990 
1234567890 1234567890 1234567890 1234567890 1234567890 
A AGTTAATATC TCGTCCAACC ATTCATACCA GCCTTCAATT AAAAGACTAA 
B 
C 
D 
4444444444 4444444444 4444444444 4444444444 4444444444 
0000000001 1111111112 2222222223 3333333334 4444444445 
1234567890 1234567890 1234567890 1234567890 1234567890 
A TGATTATGCT ACCTTTGCAC AGTTAGGATA CTGCGGCCAT TTAAAATAAT 
B C 
C 
D 
4444444444 4444444444 4444444444 4444444444 4 
5555555556 6666666667 7777777778 8888888889 9 
1234567890 1234567890 1234567890 1234567890 1 
A TCAGTGGGCA GGTTAGACTT TTTAAATAAT TCAAAAAGAC A 
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B .TCAGT. -GC A.G.TAGACC . .-TT.A..A .TC....AGA C 
C .......... .......... . « • T ••AT.A .TC.. . » AGA C 
D 
Note: Y = C or T, R = A or G. Gaps were not considered in this alignment 
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Table 3. Consensus nucleotide sequence alignment of haplotypes in locus 
16S2 of Musca domestica L. 
Haplotype Nucleotide number 
1 1111111112 2222222223 3333333334 4444444445 
1234567890 1234567890 1234567890 1234567890 1234567890 
A AATACCTTTC GTTCTAAAAG TGTCAAAAAT GCAACTCTTA CTAAAACACA 
B T T 
C . .A. .T C A . .T C A. 
D 
E 
F ..A.-T C A . .T C A. 
G . .A.TAC..T CG.TC 
H T..A A. .T A .-T GT...A. 
1 
5555555556 6666666667 7777777778 8888888889 9999999990 
1234567890 1234567890 1234567890 1234567890 1234567890 
A AATTACTAAT AATAAACTAC CAATAATAAA TAATAAATTT TCTAAATAAA 
B C. -T 
C . . .A.T T. ,T. . . .C C 
D 
E 
F . . .A.T T. .T C 
G 
H . . .A.T T A.T T 
1111111111 1111111111 1111111111 1111111111 1111111111 
0000000001 1111111112 2222222223 3333333334 4444444445 
1234567890 1234567890 1234567890 1234567890 1234567890 
A ACATGTACTA TTTGTAATAT AAATTACATA TATAAATTCT AAATTTATTG 
B . . .C C 
C A 
D 
E 
F A 
G 
H . . .A A 
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Table 3 continued... 
1111111111 1111111111 1111111111 1111111111 1111111112 
5555555556 6666666667 7777777778 8888888889 9999999990 
1234567890 1234567890 1234567890 1234567890 1234567890 
A CACTAATCTG CCAAAATAGT AAATTAATTA TATTCAATTA TAAAAATAAT 
B A.T.A.T ATA.TC.A.T ATT. . .A.TA 
C T. .AC. .AT . .A. A.T A.T C . . TTTATTA 
D 
E 
F T. .AC. .AT . .A. A.T A.T C . . TTTATTA 
G G 
H .......... .......... T.T.A.T.A. .TA•ATTC. • A. T . . . A. TA 
2222222222 2222222222 2222222222 2222222222 2222222222 
0000000001 1111111112 2222222223 3333333334 4444444445 
1234567890 1234567890 1234567890 1234567890 1234567890 
A AATTTATCAA ATATTAGGTC CTTTCGTACT GAAATATTTT AATTTTTTAA 
B .TAA.T.ATC -A. .ATTAGG TCC.TTCGTA CTG.A. .A. . TTAA. . . .TT 
C ...AAT.ATT TATCA.ATAT TAGGTCCTT. CGT.CTGAAA T AATT 
D 
E 
F ...AAT.ATT TATCA.ATAT TAGGTCCTT. CGT.CTGAAA T AATT 
G 
H .TAA.T.ATC -A. .ATTAGG TCC.TTCGTA CTG.A. .A. . TTAA.... TT 
2222222222  2222222222  2222  
5555555556 6666666667 7777 
1234567890 1234567890 1234 
A AGATAGAAAC CAACCTGGCT TACA 
B .A.G.T.G.A ACCAACCTGG CTT. 
C TTT..A.G.T AG.AACCAAC CTGG 
D C .... 
E G . . . . 
F TTT..A.G.T AG.AACCAAC CTGG 
G 
H -A.G.T.G.A ACCAACCTGG CTT. 
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Table 4. Consensus nucleotide sequence alignment of haplotypes in COH 
locus of Musca domestica L. 
Haplotype Nucleotide number 
111 111 111 122 222 222 223 333 333 333 444 444 444 
123 456 789 012 345 678 901 234 567 890 123 456 789 012 345 678 
A TAT TTT ACC TGC AAT TAT TTT ATT ATT CAT TGC TTT CCC TTC TTT ACG 
B 
C 
D 
E 
F 
G 
H 
I T C. ... T 
J 
K 
L 
M T T 
N 
0 
P 
Q C 
455 555 555 556 666 666 666 777 777 777 788 888 888 889 999 999 
901 234 567 890 123 456 789 012 345 678 901 234 567 890 123 456 
A ATT ATT ATA CTT ATT AGA TGA AAT TAA TGA ACC ATC AGT AAC TTT AAA 
B W 
C R 
D .Y W 
E 
F 
G 
H T 
I T C -
J 
K .Y 
L 
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Table 4, continued... 
M . . . - T. 
N 
O 
P 
Q 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
O 
P 
Q 
111 111 111 111 111 111 111 111 111 111 111 111 111 111 111 
999 000 000 000 Oil 111 111 112 222 222 222 333 333 333 344 444 
789 012 345 678 901 234 567 890 123 456 789 012 345 678 901 234 
GGC TAT TGG TCA TCA ATG ATA TTG AAG TTA TGA ATA TTC AGA TTT TAA 
Y 
Y 
C 
... A A C. . . .G 
C 
Y Y. . 
A. . C C C C. . 
C 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
111 111 111 111 111 111 111 111 111 111 111 111 111 111 111 111 
444 445 555 555 555 666 666 666 677 777 777 778 888 888 888 999 
567 890 123 456 789 012 345 678 901 234 567 890 123 456 789 012 
TAA TGT TGA ATT TGA TTC TTA TAT AAT TCC TAC AAA TGA ATT ACC AGT 
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Table 4, continued... 
L 
M A C G. 
N M 
O 
P 
Q 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
P 
Q 
111 111 122 222 222 222 222 2 
999 999 900 000 000 001 111 1 
345 678 901 234 567 890 123 4 
AGA CGG ATT TCG TTT ATT AGA T 
.M 
Note: Y = C or T, M = A or C, R = A or G, W = A or T ; gaps were not considered in 
this alignment 
30 
Table 5. Nucleotide diversity within SSCP phenotypes in mtDNA loci in HI. 
domestica. 
Locus SSCP N Number of Nucleotide Resolution 
Phenotypes Genotypes diversity (77)* power (%)" 
1651 A 4 4 0.004 
B 3 3 0.004 
C 3 2 0.009 
0 4 3 0.004 
Total (Avg.± s.e.) 14 12 (3.0 ±0.82 ) (0.005 ± 0.003) 33.3 
1652 A 2 1 0.000 
B 2 2 0.022 
C 2 2 0.004 
D 2 1 0.000 
E 2 1 0.000 
F 2 2 0.004 
G 2 2 0.089 
H 2 1 0.000 
Total (Avg.± s.e.) 16 12 (1.5 ±0.53) (0.015 ±0.031) 66.7 
COII A 3 1 0.000 
B 4 4 0.006 
C 2 2 0.016 
D 2 1 0.006 
E 2 2 0.003 
F 3 1 0.000 
G 2 1 0.000 
H 2 1 0.000 
I 2 1 0.000 
J 2 1 0.000 
K 2 2 0.016 
L 2 1 0.000 
M 2 1 0.000 
N 2 1 0.000 
O 2 1 0.000 
P 2 1 0.000 
Q 2 1 0.000 
Total (Avg.± s.e.) 40 33 (1.35 ±0.78) (0.003 ± 0.006) 42.4 
iTT=ZTTu[n(n-'\)/2]-' 
b Resolution power = (N° phenotypes / Na genotypes) • 100 
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Table 6. Average number of nucleotide substitutions per site within and 
between hapiotypes at three mtDNA loci in M. domestica. 
Nucleotide Nucleotide 
diversity within diversity between 
Locus phenotypes (rr/) phenotypes (dyy6) tTx/^xy 
16S1C 0.005 ±0.001 0.037 ± 0.008 0.14 
16S2d 0.015 ± 0.011 0.230 ± 0.123 0.07 
COII8 0.003 ± 0.001 0.267 ± 0.032 0.01 
Avg. 0.008 ± 0.004 0.178 ± 0.061 
' 
ttx = Y. rr.j [n(n-1 ) 2] ' 
* dxy'ZdfWn-D/ZT 
Kruskal-Wallis tests of equality of diversities within and between hapiotypes at three 
mtDNA loci: 
c (X2, = 3.02, P = 0.08) 
d (X2, = 12.36, P = 0.0004) 
e (X21 =27.12, P = 0.0001) 
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CHAPTER II. MITOCHONDRIAL DIVERSITY EVALUATED BY THE SINGLE 
STRAND CONFORMATION POLYMORPHISM METHOD IN THE HOUSE FLY 
(Musca domestica L.) 
A paper to be submitted to the Journal of Heredity 
Jose G. Marquez and Elliot S. Krafsur 
Abstract 
Single strand conformation polymorphisms in four African and four North 
American house fly populations were surveyed at eight mitochondrial loci. 
Hierarchical analysis of diversity was performed on allele frequencies at each locus 
and on haplotype frequencies formed by successively combining alleles from two, 
three, four, five, and eight loci. The results indicated that hapiotypes formed by 
alleles at two loci were as informative about population structure as those composed 
of a greater number of loci. Increasing the number of loci increased diversity 
estimates within but not between populations. Mean diversities at two locus 
hapiotypes were 0.49 ± 0.09 among the African populations and 0.32 ± 0.08 among 
the North American populations. Genetic differentiation between populations in 
continents was 0.56=0.09. Mean genetic differentiation within continents was 
0.39±0.06. 
Introduction 
The house fly, Musca domestica L., is a cosmopolitan, synanthropic, 
colonizing insect (Greenberg 1971), that exhibits great genetic and phenotypical 
33 
diversity (Milani 1967, Saccà 1967, Peterson 1968, Krafsur etal. 1992). 
M. domestica is thought to be a species complex, but the number and status 
of the constituent forms is unresolved. Saccà (1967) recognized two subspecies, 
/Vf.of. calleva Walker (1849) and M.d.curviforceps Saccà and Rivosechi (1955) in the 
Ethiopian region. The two subspecies are sympatric and restricted to sub-Saharan 
Africa, though allopatric in microhabitat (Paterson 1968, Saccà 1967, Hulley 1975). 
Saccà (1967) also recognized geographical clinal variation in the morphological 
character frons to head width ratio in males M.d. domestica in Eurasia, and 
distinguished three forms: domestica, vicina, and nebulo. The form vicina occurs in 
the Neotropics, domestica in the Palearctic, and nebulo in the Oriental regions. 
Paterson (1974) disagreed with Saccà's (1967) clinal distinction and considered it 
arbitrary, given the observed geographic continuity of the frons to head width ratio, 
and without evolutionary meaning based on the low heritability of such character. 
Instead, he proposed using only the third subspecific taxon, M.d. domestica, for 
house fly populations in the Palearctic, Oriental, and New World zoogeographical 
regions. 
The distinction among geographical lineages is based on a morphological 
character that shows continuous variation, the genetic basis of which has not been 
well studied. The frons to head width ratio is strongly influenced by larval 
environmental temperatures and therefore cannot legitimately be used as a 
taxonomic character (Hulley 1978,1979). Another variable character, the shape of 
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the parameres (which are male external genitalia) does not clearly distinguish M. d 
calleva from other M.domestica sensu stricto, as it does between the M.d. calleva 
and M.d. curviforceps. It is difficult to define evolutionarily independent entities 
based on continuosly variable morphological characters alone. At the time of Saccà 
and Paterson s work there were no selectively neutral genetic markers available. 
Nowadays, we are in a position to address more objectively the question of how 
much genetic differentiation occurs among geographically diverse house fly 
populations. 
Genetic differentiation among geographic M. domestica populations can be 
investigated by analyzing the spatial distribution of mitochondrial DNA (mtDNA) 
alleles. The mitochondrial genome can be used to study microevolutionary 
processes, because mtDNA markers are highly variable, maternally inherited, lack 
recombination and seem to be selectively neutral (Avise 1994). Here we report the 
results of a survey of mtDNA diversity among geographically diverse house fly 
populations, assayed at two, three, four, five, and eight loci. The objective of the 
research was to evaluate the efficacy of using one or more loci to characterize 
mtDNA diversity detected by the single strand conformation polymorphism (SSCP) 
technique. The evaluation included samples from natural populations in North 
America and Africa, because earlier research indicated African M. domestica had 
much greater nuclear diversity than M.domestica from England or North America 
(Krafsur et al. 2000, Marquez and Krafsur unpublished). 
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Materials and methods 
Biological material. The sources of the housefly samples are provided in 
Table 1. The samples were preserved in 80-95% ethanol except those from Iowa, 
which were placed on dry ice at capture and later frozen at -80° C. 
DNA extraction. Total DNA was extracted from ethanol preserved flies by 
using a hexadecyl-trimethylammonium bromide (CTAB) method (Shahjahan et al. 
1995). Alcohol preserved specimens were rehydrated in high salt TE (40 mM Tris-
HCI, 10 mM EDTA) buffer for 12 hrs before DNA extraction. Each specimen was 
ground in 560 pL of extraction buffer made of 250 pL TE (40 mM Tris-HCI pH 8.0, 
10 mM EDTA), 25 pL of Pronase 20 mg/mL, 275 pL of CTAB buffer [200 mM Tris 
pH 8, 20 mM EDTA, 2.8 M NaCI, 4% CTAB], and 10 uL of Tween-20. The 
homogenate was incubated at 37°C for 24 hrs. The protein and lipid contents were 
removed from the aqueous phase by treatment with 560 pL of equilibrated 
phenol:chloroform:isoamyl alcohol (25:24:1 ) and centrifugation. The DNA was then 
precipitated by addition of 300 mM sodium acetate pH 5.2, an equal volume of cold 
isopropanol, incubation at -80°C for thirty minutes, and centrifugation. Then, the 
DNA pellets were washed twice with cold 75% ethanol, vacuum dried, and 
resuspended in 100 pL of sdd H20 and kept at -20°C. 
Primer selection and PGR. Eight mtDNA loci were examined, including the 
genes 16S and 12S ribosomal RNA, cytochrome oxidase I, II, and III, and 
Cytochrome B (Table 2). Amplifications were carried out in 25 pL reactions 
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consisting of 1.9 mM [Mg++], 0.4 mM [dNTP], 0.5 pM each primer, 0.2 pg/pL of 
bovine serum albumin (BSA), 2 pL of CTAB DNA extract, and 30 pL of mineral oil 
overlay. The thermocycling profile consisted of 30 cycles of 93°C/35 sec, 50°C/18 
sec, 72°C/18 sec. The negative controls and PGR products were electrophoresed 
in 1% (0.5x TBE) agarose gels before further processing. 
Evaluation of phenotypes. Mitochondrial variation was detected by using 
the SSCP technique, which distinguishes alleles based on the differential migration 
of conformations of single strand DNA molecules when electrophoresed through a 
polyacrylamide gel matrix (Hiss et al. 1994). The SSCP method can detect up to 
95% of point mutations in single stranded DNA molecules < 400 bp. 
Native polyacrylamide slab gels of 1.5 x 140 x 160 mm were used to resolve 
mtDNA conformations. They consisted of 8.55% acrylamide (w/v), 0.45% N-N-
methylenebisacrylamide (w/v), 5% glycerol (v/v), 0.15% TEMED, 0.05% 
ammonium persulfate, and 0.0625% Photoflo®, in tris-borate-EDTA pH 8.9 buffer. 
Electrophoresis was performed in Hoeffer SE 600 units cooled to 0°C by a 
circulating refrigerated water bath. 
Five pL of PCR product was mixed with 3 pL of SSCP buffer (95% 
formamide, 10 mM NaOH, 0.05% bromophenol blue, and 0.05% xylene cyanol FF), 
heated to 95°C for 5 minutes and then cooled on ice. Then 3 pL of the mix were 
loaded onto a gel and electrophoresed at constant voltage for 1000 V.hr per gel. 
Silver staining of SSCP gels was done as described by Black and DuTeau 
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(1997). 
Allele and haplotype designations. mtDNA alleles were identified by their 
migration distances from the gel origin, and by referencing their migration to that of 
the 200 bp fragment of the <Px174/Hinf I (Promega G1751 ) size marker. Nucleotide 
sequences were obtained for alleles at 16S1, 16S2, and COII to confirm uniqueness 
of nucleotide sequences of each phenotype. PGR products of each allele were 
sequenced at the DNA Sequencing and Synthesis Facility of Iowa State University 
by using the standard Sanger fluorescent dideoxy termination method in an ABI 
3770 automated DNA sequencing system. 
Since there is complete linkage among mtDNA loci, hapiotypes were 
assigned to individual flies by combining its alleles over a number of loci. Allele and 
haplotype frequencies were calculated as p, = (x,/n), where x, is the number of 
copies of the /th allele or haplotype, detected in a sample of n flies. 
Gene diversity analysis. Analysis of allele and haplotype frequencies was 
performed by using Nei's (1987) formulae. The unbiased estimate of population 
diversity at a locus was estimated as he= [n/(n-1 )] (1-Ip,2), where p, is the frequency 
of the it h allele at a locus or haplotype at a combination of loci. The average 
diversity over s populations was calculated as Hs - The /s. The variance of Hs was 
estimated according to Nei (1987) (Appendix 1). 
The minimum genetic distance between two populations was estimated as 
D;> = ((Ji+Jj)/2)-Ju, where J, - Ip* is the identity of population i, and Ju - Ipp, is the 
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shared identitly between populations Z and j. Thus Df> represents the proportion of 
identity unshared between populations. The average over s populations, Dsr= 
ID,/s, is the diversity between populations and also a measure of genetic distance. 
The variance of variance of DST was estimated according to Nei and 
Roychoudhury's (1974) formulae (Appendix 1). 
The total gene diversity, /-/r,was estimated as the sum of the diversities within 
populations, HS, between populations within continents, DP[CI, and that between 
continents, 0CT, according to the relationship HT = HS + DP[C] + DCT. This represents 
the probability that two flies randomly chosen from any part of world have different 
hapiotypes. The variance of HT was estimated as Var(HT) = Var(/-/S) + Var (Dsr) + 
2COV(Hs,Dst). 
The magnitude of genetic differentiation between continents was estimated 
as Gcr = DCT/HT, and that among populations within continents as GP[CI = DP[C]/HT. 
The index Gsr is analogous to Wright's Fsr and can be used to estimate rates of 
gene flow according to the relationship NM- (1- GST)/(2GST) where A/mis the 
number of reproducing female migrants per generation. The variance of Gsr was 
estimated according to Chakraborty's (1974) formula (Appendix 1), 
Gene diversity analysis was applied to haplotype frequencies for 
combinations of two, three, four, five and eight loci. Pearson chi-square was used 
to test hypotheses of homogeneity of numbers of alleles at different loci and 
combinations of loci, and Kruskal-Wallis non-parametric one-way analysis of 
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variance to test for differences between African and North American populations in 
diversity and number of alleles or hapiotypes. Genetic and statistical analyses were 
calculated by using SAS version 6.12 (SAS Institute 1996). 
Results 
Single locus analysis. All loci were polymorphic. The number of alleles per 
locus ranged from two at COI-TY to nine at COII, but the hypothesis of homogeneity 
in number of alleles was not rejected (Table 3). Private alleles (i.e. those confined 
to one population only) were found at all loci except 16S1 and COI-TY. COII had 
five private alleles, the largest number. Singular alleles (those detected in only one 
fly) were recorded only at COII and CO///. 
The estimates of gene diversity differed among loci at all hierarchical levels, 
and the partition of the total diversity revealed contrasting differences (Table 4). For 
instance, at COII similar levels of diversity were found at all hierarchies, indicating 
similar levels of differentiation within and between continents. In 12S there was very 
little diversity within populations (Hs = 0.07) but much greater diversity between 
continents (Dcr = 0.78) indicating much differentiation (Gcr= 0.62) between African 
and North American populations. Other loci, e.g. COI-TY, showed little diversity at 
all hierarchies. The differences between loci became less pronounced when the 
analysis was performed on multiple loci combined as hapiotypes. 
Combined loci analysis. The number of allele combinations detected at 
different numbers of combined loci increased from 16 hapiotypes over two, to 51 
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haplotypes over eight loci, as revealed by a test of homogeneity (X24 = 28.43, P « 
0.001, Table 5, Fig. 1). 
The number of singular haplotypes increased from two to 39 as the number 
of loci increased from two to eight (Table 6, Fig. 1). These differences were 
significant based on a test of homogeneity (X24 = 59.87, P « 0.001 ). The number of 
private haplotypes showed no significant change as the number of loci increased 
(X24 = 2.00, P = 0.74). 
Estimates of population diversity HS approached an asymptote at about ten 
haplotypes when plotted against the number of haplotypes (Fig. 2). When 
examined as a function of number of loci, HS increased sigmoidally as the number of 
loci increased from two to eight, but reached a maximun at five loci (Fig. 3). 
However, the diversity among populations within continents, DP[C], and diversity 
between continents, Oct , decreased (Fig. 3). Consequently, the differentiation 
indices of populations within continents, GP(C), and that between continents, Gcr, 
decreased by - 20% (Fig. 4). Thus, increasing the number of loci above two accrues 
higher values of diversity within populations, but does not allow further 
discrimination between groups of populations. 
Because there is no recombination in mtDNA, only a fraction of the possible 
combinations of alleles at loci can be observed and the observed fraction of allele 
combinations becomes progressively smaller as the number of loci increase. 
Therefore, haplotype frequency data from three different combinations of two, three, 
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and four loci were gathered and hierarchical diversity analyses performed on them 
(Table 7). No significant differences were detected among diversity estimates from 
different combinations of any number of loci, according to Kruskal-Wallis tests. 
Thus, haplotypes constituted at two loci provide as much information on population 
structure as haplotypes constituted at greater numbers of loci. 
African vs North American populations. The number of alleles detected 
in sub-Sahara African and North American samples was homogeneous over the 
eight loci examined (X27 = 3.8, P = 0.8,Table 8). The three alleles detected at 16S1, 
four of nine at CO//, four of six at CO/, and one allele each at 16S2, 12S, COIII, CY-
B1, and CO/-TY were shared between African and North American house flies. 
These numbers were homogeneous (X27= 7.0, P = 0.43). A sum of 32 haplotypes 
were found in Africa and 21 in Noth America, of which 16 were shared. 
More haplotypes were detected in Africa than detected in North America over 
combinations of three or more loci (Table 8). Moreover, the null hypothesis of 
homogeneity of number of alleles between the two continents was rejected (X27 = 
10.15, P = 0.04). The number of haplotypes shared between the two continents was 
small and varied from 0 to 14%, the greater percentage at haplotypes of two loci. 
The total numbers of private alleles and haplotypes in Africa and North 
America were homogeneous (Table 9). Singular alleles were found in Africa only at 
COIl and COIII. However, the number of singular haplotypes was much greater in 
African than in North American house flies, and the numbers increased 
42 
progressively as the number of loci were increased. 
The average population diversity in Africa was Hs = 0.49 ± 0.09 and in North 
America was 0.32 ± 0.08, but these did not differ statistically (Table 10). The 
genetic differentiation between Africa and North America (Gcr) was 0.39. The mean 
differentiation within continents (GP(C)) was 0.30. 
Discussion 
On the number of loci. Estimates of variance in allele frequencies allow 
estimation of differentiation indices to describe the structure of populations. Since 
there is complete linkage among mtDNA genes, it makes biological and statistical 
sense to use haplotype rather than allele frequencies. The question is, how many 
loci should a haplotype include? 
A general pattern appeared when increasing the number of loci. The 
diversity within populations increased and differentiation between populations 
decreased. In general, the marginal changes in hierarchical differentiation indices 
were rather small and soon approached an equilibrium. The foregoing is in 
agreement with theory that Gsr rapidly reaches an equilibrium, independently of the 
mutation rate and number of alleles, provided the mutation rate is much smaller than 
the migration rate and the effective population size is sufficiently large under 
Wright's island model (Hartl and Clark 1989, p. 314, Takahata and Nei 1984). 
The number of haplotypes increased with the number of loci examined, but 
the number of shared haplotypes between Africa and North America showed no 
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change. Consequently, the change in Hs as a function of the number of haplotypes 
quickly reached an asymptote at c. ten, above which the marginal contribution of 
additional haplotypes added little. 
The SSCP method is a sensitive, methodologically simple, and cost-efficient 
way to survey mitochondrial genetic diversity (Black and DuTeau 1997). The 
technique allows processing many individuals at once. Our results indicate that 
haplotypes constituted by two informative loci can provide most of the information on 
population structure that could otherwise be obtained by using haplotypes 
constituted by three or more loci. Thus, to maximize the efficiency of diversity 
surveys it would be better to increase the sample sizes rather than the number of 
loci examined, provided the chosen loci are appropriately informative for the 
purpose. 
African vs North American house fly populations. It is interesting that the 
amount of differentiation between sub-Saharan African and North American 
populations (Gcr = 0.39) is roughly comparable to that within either continent (GP(C) 
= 0.30). According to the island model, these values translate into average gene 
flow rates of 0.78 reproducing female migrants per generation between regions, and 
1.16 among populations within regions. Few haplotypes were shared, varying from 
0 to 14%, depending on the number of loci incorporated into the haplotype. These 
numbers seem small relative to the potentially extensive passive transportation of 
house flies. Indeed, house flies are said to have been introduced to the New World 
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(Skidmore 1985) and recent genetic data are consistent with this view (Marquez and 
Krafsur, unpubl.). Our data, however, indicate little successful gene flow between 
the Ethiopian and Nearctic zoogeographical regions. The two subspecies of house 
flies most common in sub-Saharan Africa are morphologically differentiated from M. 
domestics sensu stricto, but no intrinsic isolating mechanisms have been found 
(Paterson 1964, Saccâ 1967). Indeed, M. domestica s.s. has not been 
unambiguously demonstrated to occur in sub-Saharan Africa where it seems to be 
at a competitive disadvantage in port cities where it is frequently introduced 
(Paterson 1964). 
Krafsur et al. (2000) compared house fly populations from Iowa, England, and 
The Gambia at allozyme and mitochondrial loci. They reported much differentiation 
between Gambian and North American and British populations, based on variation 
at mitochondrial haplotypes consisting of 16S2 and COU (Fsr = 0.64) and on 14 
polymorphic allozyme loci (Fsr = 0.65). These values suggested smaller rates of 
intercontinental gene flow than the estimates reported here. However, the current 
estimates include more samples from both continents, and thereby provide a better 
assessment of gene diversity at the mitochondrial loci. 
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Table 1. Sources of house fly collections. 
Populations Faunal zone Contributor 
Africa 
Ethiopia 
The Gambia 
Senegal 
Zimbabwe 
North America 
Iowa 
New York 
California 
Washington 
East African 
West African 
West African 
East African 
Rocky Mountain 
Alleghany 
Californien 
Californian 
F. Messay, E.S. Krafsur 
N. Griffiths 
P. Matteson 
P. Matteson, M. Rice 
G. Marquez 
J. Scott 
N. Hinkle 
D. Wohlford 
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Table 2. Oligonucleotide primers used in PCR-amplification of house fly 
mtDNA loci. 
Locus Sequence 5* to 3' Simon et al. (1992) 
16S1 CCG GTC TGA ACT CAG ATC ACG T LR-J-12887 
CGC CTG TTT AAC AAA AAC AT LR-N-13398 
16S2 GGT CCC TTA CGA ATT TGA ATA TAT CCT N1-J-12585 
ACA TGA TCT GAG TTC AAA CCG G LR-N-12866 
12S AAG AGC GAC GGG CGA TGT GT SR-J-14233 
AAA CTA GGA TTA GAT ACC CTA TTA T SR-N-14588 
CO1 GGA TCA CTG ATA TAG CAT TCC C C1-J-1751 
CCC GGT AAA ATT AAA ATA TAA ACT TC C1-N-2191 
COII GGT CAA ACA ATT GAG TCT ATT TGA AC C2-J-3279 
GGT AAA ACT ACT CGA TTA TCA AC C2-N-3494 
COIII TTA TTT ATT GCA TCA GAA GT C3-J-5014 
TCA ACA AAG TGT CAG TAT CA C3-N-5460 
Cy-B1 TAT GTA CTA CCA TGA GGA CAA ATA TC CB-J-10933 
ATT ACA CCT CCT AAT TTA TTA GGA AT CB-N-11367 
COI-TY TAC AAT TTA TCG CCT AAA CTT CAG CC TY-J-1460 
TGT TCC TAC TAT TCC GGC TCA C1-N-1560 
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Table 3. Number of detected, singular, and private alleles at each of eight loci. 
Locus 16s1 16s2 12s coi coii coiii cy-b1 coi-ty 
N 164 164 164 164 164 108 108 108 
No. populations 8 8 8 8 8 5 5 5 
No. alleles a 3 5 4 6 9 4 4 2 
No. private alleles b 0 3 2 1 5 1 1 0 
No. singular alleles c 0 0 0 0 1 1 0 0 
'X/ 
bx72  
= X,: 
= 6.9, P= 0.44 
= 0.1, P=0.98 
= 0, P= 0.99 
Table 4. Single locus hierarchical partition of gene diversity in North American and African house flies. 
Locus No. pops. hj is.e. hs ±s.e dp(c) dcT is.e gp(c) iS.e. Gç-f ±s.e nmc 
16s1 8 0.99+0.12 0.16+0.02 0.34+0.02 0.49+0.10 0.34±0.06 0.50±0.08 0.50 
16s2 8 1.14*0.14 0.10+0.02 0.35+0.07 0.69 ±0.09 0.31+0.06 0.61 ±0.07 0.32 
12s 8 1.23i0.13 0.07+0.01 O.38+O.OB 0.78+0.09 0.31+0.09 0.62±0.07 0.29 
co1 8 1.26±0.12 0.31+0.03 0.45+0.08 0.50±0.06 O.35+O.O8 0.40±0.06 0.76 
coii 8 1.06 ±0.08 0.35±0.04 0.33±0.05 0.38±0.07 0.31 ±0.05 0.36±0.07 0.88 
coiii 6 0.66±0.23 0.09+0.04 0.18±0.09 0.39±0.22 0.27±0.09 0.59±0.19 0.35 
cy-b1 6 0.73±0.24 0.17±0.04 0.15±0.08 0.41 ±0.23 0.21 ±0.08 0.56±0.21 0.39 
coi-ty 6 0.05+0.04 0.04+0.02 0.005±0.003 0.007±0.007 O.11+ 0.009 O.14+O.O2 4.88 
hs = Average diversity within populations 
Dpfo = Average diversity among populations within continents 
DCR = Average diversity between continents 
GP(C) = DP(CJ / HT = Differentiation among populations within continents 
GCT = DCT / HT- Differentiation between continents 
nmct = (1- GCT) / (2 Gcr) = Gene flow between continents 
HT = HS + DP(C) + DCT = Total diversity 
Table 5. Hierarchical gene diversity analysis at haplotypes consisting of increasing number of combined loci. 
No. loci No. pops. HT±s.e. Hs± s.e. ^P(C)± Dqjï s.e. Gp(C)-^'^' Gcr±s.e. NmCT 
Two 8 1.33±0.03 0.41+0.04 O.4O+O.O5 0.52 ±0.05 0.30+0.06 0.39+0.06 0.78 
Three 8 1.33+0.03 0.43+0.04 0.40±0.05 0.50+0.06 0.30+0.06 0.38±0.06 0.82 
Four 8 1.36+0.05 0.57+0.03 0.33±0.05 0.46±0.03 0.24 ±0.06 O.34±O.O4 0.98 
Five 8 1.36 ±0.08 0.60+0.03 0.32 ±0.05 0.44 ±0.03 0.24+0.05 0.32 ±0.04 1.00 
Eight 6 1.33±0.09 0.58±0.07 0.30±0.03 0.45+0.09 0.23+0.03 0.34±0.08 0.69 
HS = Average diversity within populations 
DP(C) = Average diversity among populations within continents 
DCT = Average diversity between continents 
Gp(V = Dp(Cj / HT = Differentiation among populations within continents 
GCT = DCRL HT = Differentiation between continents 
NmCT = (1- GCT) I (2 GCT) = Gene flow between continents 
HR = HS + DP(C) + Dcr = Total diversity 
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Table 6. Number of detected, private, and singular haplotypes at different 
number of combined loci. 
Number of loci per haplotype 
Two Three Four Five Eight 
Number of flies 164 164 164 164 108 
Number of populations 8 8 8 8 5 
Number of haplotypes 
Detected 16 18 35 42 51 
Private 12 14 14 12 8 
Singular6 2 2 15 22 39 
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Table 7. Gene diversity analysis evaluated at three combinations each of two, 
three, and four loci chosen from eight. 
Number of loci Two Three Four 
Within population diversity (HS) A 0.35 0.49 0.52 
0.49 0.50 0.50 
0.37 0.39 0.51 
Between population diversity (DPrC))b 0.49 0.49 0.47 
0.49 0.49 0.50 
0.40 0.39 0.49 
Between continent diversity (Dcr)c 0.59 0.50 0.51 
0.50 0.51 0.50 
0.52 0.51 0.50 
Kruskal-Wallis tests of homogeneity of diversity at different combinations of two, 
three, and four loci 
3 X22 = 5.85, P = 0.06 
b X22= 0.75, P- 0.68 
cX22= 1.83, P' 0.40 
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Table 8. Number of alleles and haplotypes detected in and shared between 
Africa and North American house flies. 
Locus 16S1 16S2 12S CO/ COII COIII CY-B1 COI-TY 
In Africa 3 2 3 6 8 4 4 2 
In N.A. 3 4 2 4 5 1 1 1 
Shared 3 1 1 4 4 1 1 1 
Combination of: two loci three loci four loci five loci eight loci 
In Africa 9 11 28 34 47 
In N.A. 9 9 9 11 4 
Shared 2 2 2 3 0 
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Table 9. Numbers of mitochondrial private and singular alleles and 
haplotypes in African and North American house flies. 
Locus 
Private3 
Africa 
N.A. 
Singular 
Africa 
N.A. 
16S1 16S2 12S CO/ COII COIII CY-B1 COI-TY 
0 
0 
0 
0 
0 
3 
0 
0 
2 2 
1 0 
0 
0 
0 
0 
4 
1 
1 
0 
3 
0 
1 
0 
3 
0 
0 
0 
1 
0 
0 
0 
No. of loci 
Privateb 
Africa 
N.A. 
Singular0 
Africa 
N.A. 
Two 
5 
7 
2 
0 
Three 
7 
7 
2 
0 
Four 
7 
7 
15 
0 
Five 
5 
7 
21 
Eight 
7 
1 
36 
3 
Kruskal-Wallis test of homogeneity of number of private and singular alleles and 
haplotypes in African and North American house flies: 
3X2, =2.14. P = 0.14 
bX21 =0.15, P = 0.70 
c X2, = 4.96, P = 0.03 
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Table 10. Diversity estimates (Hs) in African and North American house fly 
populations. 
Continent Population 
Africa Ethiopia, Bedele 
The Gambia, Kudang 
Senegal, Dakar 
Zimbabwe, Harare 
Total 
North America California, Davis 
Iowa, Ames 
New York, Ithaca 
Washington, Pasco 
Total 
N No. haplotypes Diversity+s.d 
12 3 0.67±0.09 
16 3 0.43+0.14 
24 4 0.24+0.11 
24 3 0.63±0.06 
76 Avg.0.49 ± 0.09a 
24 2 0.34±0.09 
24 2 0.16±0.09 
24 2 0.16+0.09 
16 3 O.63+O.O7 
88 Avg.0.32 ± 0.08 a 
a Kruskal-Wallis test of homogeneity in diversity between Africa and North America 
X=, = 1.73, P = 0.18 
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Appendix 1. Formulae used to estimate the variance of diversity estimates 
The variance of of Hs was estimated as Var(Hs)=Var(Aie)/s, where s is the 
number of populations and Var (he) = (2/(n(n-1 )))*(2*(n-2)*(Ip,3 -(Ip,2)2)+ Ip,2 -(Ip,2)2 
(Nei 1987, Formula 8.12 adjusted for haploid systems). 
The variance of Dsr was estimated as Var (Osr) = Var(Du)/s, where s is the 
number of populations, Var(DZJ) = (V(Jx)+V(Jy)/2)+V(JXY)-Cov(Jx,JXy)-Cov(JY,JXY), 
where Var(Jx) = Var(JY)= (2/{n(n -1 )))*(2*(n-2)*(p,3 -(p ,2)2)+ p2 -(p2)2. and 
Var(JXY)=((1 -r7x-ny)(p,<y,)2+(nx-1 )p,2qrl +(n^1 )p,q^p,ql)/nxnY, and 
COV(Jx,JXY)= 2(nx-1 )(p,2q, -(q2)(p#))/nx2, and Cov(JY,JXY)= 2(n^1 )(p,q,2-(p2)(p,<7,))/nY2 
(Nei and Roychoudhury 1974) 
The variance of GST was estimated as described in Chakraborty (1974): 
Var(Gsr) = (Gsr)2 ((Var(Hr)/(Hr)2) + (Var(Dsr)/(Dsr)2) (Cov(Hr, DST)/(HT)(DST))). 
The variance of HT was estimated as Var (/-/r) = Var(Hs) + Var (Dsr) + 2Cov(Hs,Dsr), 
since HT is a sum of hierarchical diversity indices, with associated variances that 
may be correlated with each other, following the rule of addition of variances. 
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Total 
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Figure 1. Number of haplotypes as a function of number of combined loci. 
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Figure 2. Gene diversity, Hs, as function of number of haplotypes 
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Figure 3. Hierarchical diversity indices as functions of number of combined 
loci. 
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CHAPTER III. GENE FLOW AMONG GEOGRAPHICALLY DIVERSE HOUSE FLY 
POPULATIONS (Musca domestica L.): A WORLDWIDE SURVEY OF 
MITOCHONDRIAL DIVERSITY 
A paper submitted to the Journal of Heredity. 
Jose G. Marquez and E. S. Krafsur 
Abstract 
Single strand conformation polymorphisms at 16S2 and COII mitochondrial 
genes was surveyed in 111 house fly samples from six zoogeographical regions. 
Forty-eight haplotypes were detected of which none was ubiquitous, and 27 (56%) 
were confined to a single zoogeographical region. Nei's gene diversity index Hs was 
heterogeneous among zoogeographical regions, the Ethiopian was the most diverse 
(Hs = 0.45). Hierarchical partitioning of the total diversity among regions (Nei's GRT 
= 0.49) indicated a small proportion was shared. The differentiation of populations 
within regions GP(R) was 0.32. All pairwise estimates of gene flow between 
zoogeographical regions were less than 0.31 reproducing females per generation. 
Thus house fly populations are highly structured even though they are mobile and 
easily capable of passive transport by ship and air. 
Introduction 
The house fly, Musca domestica L. (Diptera: Muscidae), is a cosmopolitan 
synanthropic insect of medical and veterinary importance (Greenberg 1971). This 
species exhibits great diversity both morphologically (Saccà 1967, Paterson 1968) 
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and genetically (Milani 1967, Krafsur et al. 1992). 
Morphological diversity among house flies has led to the assigment of 
intraspecific taxonomic status to different forms. Currently, two subspecies are 
recognized: M. d. calleva Walker (1849) and M. d. curviforceps Saccà and Rivosechi 
(1955). Both are endemic to the Ethiopian region (Saccà 1967). The taxonomic 
status of Nearctic and Palearctic house flies is unclear. Saccà (1967) recognized 
three forms, calleva, vicina, and nebulo, as constituents of a geographic cline of M. 
domestica sensu stricto, based on the ratio of frons to head width of males and on 
the abdominal coloration. Paterson (1974), on the other hand, proposed a third 
subspecific taxon M. d. domestica for all house flies outside the Ethiopian region. 
Early work on housefly morphological diversity suggested that there may 
exist many isolated lineages. However, morphological characters are not always 
useful to identify independent lineages, because they vary continuously and may 
respond to strong environmental influences, and therefore, do not necessarily 
represent the outcome of genetic differentiation (e.g., restricted gene flow) among 
populations, the underlying process of speciation. 
House flies reproduce the year around in the tropics but weather patterns, 
breeding substrates, and insecticide usage vary greatly, and may set different 
selection patterns conducive to local adaptation. Environmental differences among 
geographically distant house fly populations may also cause genetic differentiation, 
if the rate of gene flow is neutralized by the divergent forces of drift, selection, and 
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mutation (Futuyma, 1998). Thus, the question follows naturally: How much gene 
flow is there among house fly populations? There is some preliminary information 
regarding this question. 
Allozyme surveys of natural North American populations revealed much 
polymorphism. Fifty-three percent of 73 loci were polymorphic with an average of 
2.51 ±1.9 alleles and gene diversity of 0.18 ± 0.30. Estimates of Wright's Fsr 
suggested unrestricted gene flow among Iowa and Minnesota populations (Krafsur 
et al. 1992). Furthermore, studies on house fly population structure have revealed a 
temporal component in the rate of gene flow. House flies do not diapause but 
overwinter in closed livestock facilities where they breed slowly and experience 
abrupt reductions in population size (Krafsur 1985). These bottlenecks cause large 
fluctuations of gene frequencies because of drift that accrues over the November 
through April interval in which breeding rate and population sizes are greatly 
reduced (Black and Krafsur 1986b, 1986c). This ecological scenario is typical of 
temperate but not of tropical latitudes. 
Krafsur etal. (2000) surveyed gene diversity in British, African, and North 
American house fly populations at 17 allozyme and two mitochondrial loci (16S2, 
COII). Fourteen allozyme loci (82%) were polymorphic with an average of 3.1 
alleles per locus. Only 17 out of 47 allozyme alleles were shared between African 
and the two Holarctic samples. The differentiation between African and temperate 
populations was FST - 0.65, but there was no detectable differentiation between 
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British and North American flies. For mitochondrial loci, ten haplotypes were 
detected and none were shared among the three populations. The differentiation 
between the African and temperate populations was Fsr = 0.64. The magnitude of 
genetic differentiation was surprisingly large. 
Selection regimes may, in principle, vary geographically, thereby causing a 
discrete spatial distribution of haplotypes. The foregoing can be indirectly 
addressed by comparing the observed mitochondrial haplotype frequency 
distributions at different geographical realms to expected distributions under the null 
hypothesis of the infinite allele model (1AM) and equilibrium between drift, selection, 
and mutation. Such test statistics were developed by Watterson (1978, 1986) 
based on the neutral allele sampling theory of Ewens (1972). A low probability of 
observing a given haplotype frequency configuration under the null hypothesis may 
lead to the conclusion that selection and/or a sudden change in population size has 
occurred. 
The mitochondrial genome (mtDNA) in house flies is a 16-kb circular DNA 
molecule encompassing genes for proteins, transfer RNAs, and ribosomal RNAs 
(Roehrdanz 1993). The mtDNA is transmitted predominantly through maternal 
lineages (Avise 1991), lacks recombination, may evolve five to ten times faster than 
single copy nuclear genes (Brown et al. 1979) and is selectively neutral or nearly so. 
Therefore, it is a useful molecular marker to study genetic variation and patterns of 
maternal gene flow in natural populations. 
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Here we investigate the question of gene flow among 111 geographically 
diverse house fly populations, by examining genetic variation at mitochondrial loci 
16s2 and CO//. We have grouped the house fly samples according to Wallace's 
zoogeographical regions as a first attempt to examine world wide gene flow. 
Materials and methods 
Biological material. House fly collections from five continents and six 
zoogeographical regions were obtained with the help of collaborators (Table 1 ). The 
samples consisted of 95% ethanol-preserved flies except those from Iowa which 
were caught by using sweep nets, placed on ice, and later frozen at 80° C. 
DNA extraction. Total DNA was extracted by using the CTAB (hexadecyl-
trimethylammonium bromide) method of Boyce etal. (1989) modified by Shahjahan 
et al. (1995). Ethanol preserved specimens were rehydrated in TE (40 mM Tris-HCI, 
10 mM EDTA) buffer for 12 hours before processing. Each specimen was ground in 
560 pL of extraction buffer made of 250 pL of TE (40 mM Tris-HCI pH 8.0, 10 mM 
EDTA), 25 pL of proteinase K (2 mg/mL), 275 pL of CTAB buffer [200 mM Tris pH 8, 
20 mM EDTA, 2.8 M NaCI, 4% CTAB], and 10 pL of Tween-20. The homogenate 
was incubated at 37°C for 24 hrs. The protein and lipid contents were removed from 
the aqueous phase by treatment with equilibrated phenolichloroform:isoamyl alcohol 
(25:24:1 ), rotated for 5 min, and centrifuged at 13 krpm for 5 min. The aqueous 
phase was then transferred to a fresh tube, treated with sodium acetate pH 5.2 to 
300 mM, an equal volume of cold isopropanol, incubated at 80°C for thirty min, and 
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precipitated by centrifugation at 13 krpm for 30 min. The DNA pellets were washed 
twice with cold 75% ethanol and then vacuum-dried. The DNA was resuspended in 
100 uL sdd H20 and kept at 20°C. 
Primer selection. The oligonucleotide primers N1-J-12585 (5-GGT CCC 
TTA CGA ATT TGA ATA TAT CCT-3') and LR-N-12866 (5'-ACA TGA TCT GAG 
TTC AAA CCG G-3') were used to amplify a 300 bp fragment of the 16S ribosomal 
RNA (16s2) gene, and the primers C2-J-3279 (5'-GGT CAA ACA ATT GAG TCT 
ATT TGA AC-3') and C2-N-3494 (5'-GGT AAA ACT ACT CGA TTA TCA AC-3) for 
amplification of a 214 bp fragment of the cytochrome oxidase II (CO//) genes (Simon 
et al. 1994). 
Polymerase Chain Reaction (PGR). DNA amplification was carried out in 
25 pL reactions, consisting of 0.3 units of Biolase® DNA polymerase (Bioline USA, 
Reno, NV), 2.5 pi of 10x Biolase® buffer, 1.9 mM magnesium chloride, 0.4 mM 
[dNTP], 12.5 pM of each forward and reverse primers, 5 pg of bovine serum albumin 
(BSA), 2 pL of total DNA extract, and 30 uL of light mineral oil overlay. 
Thermocycling was performed in a PTC-100 (MJ Research, Woburn, MA) 
thermocycler with a profile of 30 cycles of 93°C/35 sec, 50°C/18 sec, and 72°C/18 
sec. The PCR products and negative controls were electrophoresed in agarose gels 
(1.2% agarose in O.5x Tris-Borate-EDTA buffer) at 4 V/cm for 45 min, visualized 
under UV light with NIH image™ software (developed at the U.S. National Institutes 
of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/). 
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Single Strand Conformation Polymorphism (SSCP). SSCP is based on 
the differential migration of single-strand DNA conformations when electrophoresed 
in native polyacrylamide gels, after which the various conformations separate and 
occupy different, repeatable positions on the gel (Orita et al. 1989). SSCP can 
detect up to 95% of point mutations in single stranded DNA molecules smaller than 
400 bp (Hiss et al. 1994). 
SSCP gels were prepared and stained following the prescription of Black & 
DuTeau (1997), and consisted of 8.55% acrylamide (w/v), 0.45% N'N-
methylenebisacrylamide (w/v), 5% glycerol (v/v), 0.15% TEMED, 0.05% ammonium 
persulfate, and 0.0625% photoflo, in tris-borate-EDTA pH 8.9 buffer. 
Five pL of PGR product were mixed with 3 pL of SSCP buffer (95% 
formamide, 10 mM NaOH, 0.05% Bromophenol blue, and 0.05% Xylene Cyanol FF), 
heated to 95°C for 4 minutes, and cooled on ice. Three pL of the mix were loaded 
onto a gel and electrophoresed at constant voltage for 1000 V.hr/gel in Hoefer SE 
600 units cooled to 0°C by a circulating refrigerated water bath. 
The gels were fixed in aqueous 10% acetic acid solution for 30 minutes, 
rinsed 3 times in ddH20 for 3 minutes, stained in an aqueous 0.15% AgNOa and 
0.15% formaldehyde solution for 30 minutes, rinsed twice again in ddHaO for 3 
minutes, and developed in cold aqueous 3% NaC02, 0.15% formaldehyde, and 
0.0002% sodium thiosulfate solution. The developing reaction was stopped when 
DNA bands became visible by adding the remaining fixative solution. 
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Scoring haplotypes. Haplotypes were established by the genotypes at 
16S2 and COII. Alleles at each locus were identified by their migration distances 
from the gel origin and by their relative migration with respect to the 200 bp fragment 
of the <px174/H/nf I (Promega G1751) size marker. Haplotype frequencies were 
estimated as p, = (x, /n), where x( is the number of observed copies of the Ah 
haplotype in a sample of n flies. 
Nucleotide sequences were obtained for each allele to confirm identity. For 
each allele, PGR products from at least two flies were sent to the DNA sequencing 
and synthesis facility of Iowa State University, and their nucleotide sequence 
obtained by using the standard Sanger fluorescent dideoxy termination method 
performed in an ABI® 377 automated DNA sequencing system. 
DNA sequence analysis. The nucleotide sequences were edited, aligned, 
compared and analyzed by using the software MEGA v 2.0 (Kumar et al. 2001 ). 
Statistical analyses on nucleotide diversity were calculated by using SAS 6.12 (SAS 
Institute, 1996). The nucleotide diversity within and between phenotypes was 
estimated according to Nei and Kumar (2000, formula 12.56). The average number 
of nucleotide substitutions per site among DNA molecules within phenotypes, TTX, 
was estimated as Y.N,j [n(n -1 )/2] \ where TTU is the number of nucleotide 
differences between the Ah and /th sequences of phenotype x, and n is the number 
of sequences compared. The average number of nucleotide substitutions per site 
between phenotypes, dxy, was estimated by [n(n - 1 )/ 2]"\ where n is the 
70 
number of phenotypes and dtj is the number of substitutions per site between the /th 
andyth phenotypes, estimated by [- V* Ln (1 - 4/3 p9)] where pr} is the proportion of 
nucleotide differences between the /th and /th phenotypes. 
Haplotype frequencies. Diversity was analyzed by using the methods of 
Nei (1987) and Weir (1996). Nei's (1987) method estimates population identity as 
Js- 2p,2. and diversity as he = [n/(n -1 )](1 - Zp,2), where p, is the frequency of the /th 
haplotype, and n/{n -1) is a correction factor for sampling bias. In haploid systems 
he estimates Hs, the population diversity, since there is complete linkage among 
mtDNA loci. Js is the probability that two flies from the same population have the 
same haplotype, and Hs is the probability that they have different haplotypes. 
The diversity unshared between two populations is defined as D,y = % (J,+Jy) -
Jç, where - I.pikpjk is the shared identity between populations / and j over k to 
alleles. D(> can be interpreted as the minimum genetic distance between two 
populations. 
The total gene diversity was estimated as HT = HS+DP[CL+DCT, the sum of the 
diversity within populations (Hs), between populations within continents (DP[CI), and 
that of between continents(Dcr). The magnitude of genetic differentiation among 
continents is estimated as Gcr = DCT/HT, and that of populations within continent as 
GP[T] = DP[C/HT. The average number of reproducing migrants per generation Nm 
under the infinite allele model is Nm = (1 -Gsl-)/2Gsr (Takahata and Palumbi 1985). 
The total variance of haplotype frequencies was decomposed into its components 
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within and between zoogeographical regions according to a nested random ANOVA 
model by using Arlequin 2.0 software (Schneider et al. 2000). The Ewens-
Watterson neutrality tests on haplotype frequency distributions were performed as 
described in Watterson (1978, 1986). Arlequin 2.0 (Schneider et al. 2000) was used 
to compute statistics. 
Gene flow rates were also estimated from private haplotype frequencies 
(Slatkin 1985). Private haplotypes, p( 1 ), are those found in only one population 
from several sampled. Further, the average frequency taken over all p(1) 
haplotypes was used to estimate a gene flow rate according to the formula, 
Nm = Antilog10[(Log10(p(1))+1.1) -0.58] (Slatkin and Barton, 1989) 
Results 
Haplotype DNA sequencing. The DNA nucleotide sequence alignments 
revealed that SSCP phenotypes of 16S2, and COU originated from nucleotide 
substitutions and/or insertions and deletions. However, only nucleotide substitutions 
were used in comparing gel phenotypes and in estimating nucleotide diversities 
within and between phenotypes. 
Comparisons of nucleotide sequences of all SSCP phenotypes revealed that 
there was a mean 1.95 ± 0.71 genotypes associated with each phenotype. The 
average resolution over two loci was 55% and varied from 42 at CO// to 67% at 
16S2. 
Nucleotide diversities within phenotypes were significantly smaller than the 
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diversities between phenotypes according to Kruskal-Wallis tests of homogeneity 
(Table 2). The two-locus average nucleotide diversity within phenotypes was only 
3.2% of that between phenotypes (Table 2), a remarkably small proportion. 
Haplotype frequencies. Forty-eight haplotypes were detected in 111 
populations. The overall haplotype frequency distribution was positively skewed, 
such that most haplotypes occurred in low frequencies (Fig. 1 ). In fact, 13 (27%) of 
48 haplotypes were singular (i.e. detected in one fly only) and 8 (15%) were private 
(i.e. detected in one population only). Also, only four haplotypes were shared by 
four regions, five by three regions, and 24 were regionally private. 
The distribution of haplotypes among zoogeographical regions varied from 8 
in the Australian region to 22 in the Palearctic region (Table 3). Nevertheless, they 
were statistically homogeneous according to the conservative Kruskal-Wallis test. 
Each region had one or two singular haplotypes, except the Palearctic with five. No 
private haplotypes were found in the New World. Gene diversity was 
heterogeneous among regions. The Ethiopian region showed the greatest diversity 
and the Nearctic region the least, but they had similar numbers of haplotypes. The 
Ewens-Watterson neutrality tests (Watterson 1986) indicated populations in all 
regions except the Nearctic were at selection-mutation-drift equilibrium (Table 3). 
Most populations (66%) were polymorphic. Nine of 20 Nearctic and 13 of 26 
Palearctic populations were monomorphic, but only 1 of 12 populations from the 
Ethiopian and two of 10 Neotropical regions were monomorphic. Nevertheless, the 
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number of monomorphic populations were homogeneous over zoogeographical 
regions (X2S = 8.65, P 0.12). The overall distribution of population diversities Hs 
was positively skewed (Fig. 2) and its mean value was 0.26. The within region 
estimate DP(R) was 0.44 and the among region diversity DRTwas 0.68 (Table 4). 
Hierarchical partitioning of mitochondrial diversity indicated c. 1.5 times more 
differentiation among than within regions. Pairwise unshared diversities Dq varied 
from 0.51 to 0.81 (Table 5); these can be taken as estimates of minimum genetic 
distance. 
No haplotype was ubiquitous. Four haplotypes were shared over four 
regions, five over three, 11 over two, and 24 haplotypes were confined to a single 
region. Nine haplotypes were shared between the Palearctic and Nearctic (Table 5). 
Six Ethiopian haplotypes were shared with the Nearctic but only two with the 
Neotropical region. Thus, very little identity (Jt] = 0.07) was shared among regions 
(data not shown). 
Analysis of variance showed that 50% of the variance in haplotype frequency 
was caused by differences among populations within regions (Table 6). Only 26% of 
the variance was attributed to among region differences but 24% lay within 
populations. The index 6sris analogous to Fsr (Weir and Cockerham 1984), and 
may be interpreted as the correlation of haplotypes between populations relative to 
the correlation of haplotypes among all flies. The analysis showed that haplotypes 
were much less correlated between regions than within regions, as would be 
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expected under a hierarchical island model. 
Pairwise zoogeographical differentiation and rates of gene flow are set forth 
in Table 7. Populations within the Palearctic and Nearctic regions were the most 
differentiated and Ethiopian populations were the least differentiated. Mean 
pairwise differentiation between regions was 0.72 ± 0.06, which translates into an 
average gene flow of 0.20 ± 0.06 reproducing female migrants per generation. 
Slatkin's private allele method estimated Nm = 0.39, equivalent to FST = 0.56, GRT 
predicts Nm = 0.52 and 0RT = 2.83 reproducing female migrants per generation. The 
discrepancies in among region differentiation and gene flow are discussed below. 
Discussion 
The SSCP technique is a cost effective way to survey mitochondrial gene 
diversity in natural populations. In spite of rather low resolution power, substantial 
diversity can be detected to examine population structure and make estimates of 
gene flow. However, when applied to population genetic surveys the reproducibility 
of the technique becomes an important issue. We found necessary to obtain 
nucleotide sequences from individuals from each phenotype. Alignment of 
nucleotide sequences can reveal type one errors in phenotype designations, and 
analysis of nucleotide diversity can indicate problems of consistency of phenotype 
assignations. 
Musca domestica is a colonizing species, closely associated with mankind, 
which accounts for its cosmopolitan distribution. Demographic research in Iowa has 
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shown that, in the warm months, an average adult female at eclosion will generate 
128 eggs in her lifetime, and that population doubling time is about 5 days (Krafsur 
1985). Thus a single gravid female can invade a suitable patch and generate a 
flourishing population only to disappear when resources are no longer available. 
This scenario can explain the rather high proportion (34%) of monomorphic samples 
even though 48 different haplotypes were recorded. 
Discounting singular haplotypes, only 7 haplotypes were recorded in the 
Australian region, all of which were from island populations and three of which were 
shared with the Oriental and the other with the Palearctic. Diversities were low in 
the Australian region (Hs = 0.25), and the foregoing data suggest that house flies 
probably are recent arrivals there. 
Diversities were the least in Nearctic and Palearctic populations and greatest 
among Ethiopian populations. Annual overwintering population collapse in 
temperate regions is the most likely explanation for these low diversities (Krafsur 
1985, Black and Krafsur 1986b, 1986c). The observation is supported by 
comparatively large diversities among Neotropical houseflies, for they too originated 
from Old World populations and one might expect low diversities accruing from 
founder effects. Instead, the haplotype data are consistent with multiple 
introductions in the New World. It is presently unclear where M. domestica 
originated, but Skidmore (1985) and Pont (1991 ) suggest the southern Palearctic 
region, particularly the Middle East, is a likely hypothesis. 
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We detected a strong spatial component in the worldwide distribution of 
mtDNA haplotypes. The skewed distribution of haplotype frequencies and gene 
diversities, the high proportion (50%) of regionally and local private haplotypes 
indicate restricted dispersal and gene flow. 
The pairwise levels of differentiation between regions were only slightly 
higher than the differentiation within regions, also indicative of a high degree of 
structuring at all hierarchies. The mean number of reproducing female migrants Nm 
per generation between regions was 0.56. Nm within regions was 0.97. In general, 
one reproducing migrant per generation is enough to prevent population 
differentiation at selectively neutral loci through genetic drift alone (Wright 1978). 
Estimates of region gene flow compared. The estimates of gene flow 
rates between regions based on 9 were inconsistent with the observed spatial 
distribution of haplotypes. About half of the haplotypes were confined to regions, 
but 9rt was 0.15, thereby indicating low levels of differentiation. The estimate 
translates into a high rate of gene flow of Nm = 2.83, a rate that would rapidly 
diminish differences between regions. 
The computation of Q proceeds from a ratio of mean squares of haplotype 
frequency deviations. Each haplotype in a population provides an estimate of 9 
(Weir 1996). When there are multiple haplotypes, the mean square deviations must 
be averaged over haplotypes before the computation of 9. Moreover, private and 
singular haplotypes produce low estimates of haplotype frequency variance, 
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erroneously leading to low values of 9. The presence of private haplotypes implies 
restricted gene flow, but 9 does not take advantage of the information present in 
private haplotypes. 
The analysis of private alleles (Slatkin 1985) led to an estimate of gene flow 
of 0.39 between regions which approximated the estimate based on Gsr. The 
difference is trivial when considering that both methods of estimating Nm are only 
approximately independent of selection and mutation (Slatkin 1980). Both methods 
yielded estimates that suggest considerable genetic isolation within and among 
zoogeographical populations. 
Although our study provides estimates only of maternal gene flow rates, it 
indicates a considerable differentiation among house fly populations worldwide. 
Hale and Singh (1991 ) investigated mtDNA diversity in 114 Drosophila 
melanogaster isofemale laboratory populations originating from 18 locations 
worldwide. They found considerable RFLP differentiation among the 18 populations 
(Gst - 0.66). Laboratory populations from the Euro-African region were the most 
diverse and those from the Western Hemisphere were the least diverse. Thus 
house fly population genetics seems to be similar to that of Drosophila 
melanogaster, an unsurprising result in that both are colonizing species and both 
are commensals of man. 
Our estimates suggest rather low gene flow rates among house fly 
populations even though there is much opportunity for assisted passages of house 
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flies via commercial transport. Indeed, early surveys showed that house flies travel 
well and were the most commonly detected hitchhiking insect (West 1951). 
Dispersal by aircraft would seem only to add greatly to the propensity of house flies 
for long-distance travel. Our data, however, indicate that regional populations were 
at selection-mutation-drift equilibrium, and it is likely that only a tiny fraction of 
transported house flies actually reproduce in new environments. 
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Table 1. Wallace's zoogeographical location of housefly samples 
No. of 
Population Samples Subregion Contributors 
Egypt, Cairo 5 Palearctic H. Farid, B. Christiansen 
Ethiopia 2 Ethiopian F. Messay, E. S. Krafsur 
The Gambia 1 Ethiopian N. Griffiths 
Senegal 2 Ethiopian P. Matteson 
South Africa 1 Ethiopian M. Coetzee, R. Hunt 
Tanzania 1 Ethiopian A. Robinson 
Zanzibar 1 Ethiopian A. Robinson 
Zimbabwe 3 Ethiopian P. Matteson, M. Rice 
Kenya 1 Ethiopian T. Sikinyi 
India 3 Oriental S. Madasamy 
Diego Garcia 2 Oriental D. Bartholomew 
Israel 4 Palearctic R. Ackerman, 
J. Wendell 
Indonesia 34 Oriental/Australian M. Bangs 
Russia 8 Palearctic R. 0. Moon 
Kazakhstan 2 Palearctic R. 0. Moon 
Korea 3 Palearctic Y. Kim 
Okinawa 1 Palearctic A. Rosales 
Laos 1 Oriental D. Bartholomew 
Thailand 3 Oriental G. Courtney 
Palau 3 Australian 0. Bartholomew 
Austria 1 Palearctic E. S. Krafsur 
England 1 Palearctic N. Griffiths 
Spain 1 Palearctic C. Quero 
Florida 2 Nearctic E. S. Krafsur, J.Hogsett 
South Carolina 1 Nearctic P. Adler 
Maryland 1 Nearctic D. O'brochta 
New York 1 Nearctic J. T. Scott 
Maine 1 Nearctic G. Courtney 
Alberta 2 Nearctic T. Lysyk 
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Table 1, continued... 
Minnesota 1 Nearctic R. D. Moon 
Iowa 1 Nearctic J. G. Marquez 
Missouri 1 Nearctic D. Holland 
Texas 1 Nearctic 
Arizona 1 Nearctic M. D. Baker 
California Nearctic N. Hinkle 
Washington 1 Nearctic D. L. Wohiford 
Honduras 1 Neotropical L. Weiser 
Panama 1 Neotropical J. Cerna 
Guatemala 1 Neotropical W. Morjan 
Bolivia 2 Neotropical J. J. Obrycki 
Uruguay 2 Neotropical R. D. Moon 
Chile 3 Neotropical K. Fisher, J. Hogsett 
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Table 2. Average number of nucleotide substitutions per site within and 
between haplotypes at two mtDNA loci in M. domestica. 
Nucleotide Nucleotide 
diversity within diversity between 
Locus phenotypes (JRXF phenotypes (dXY)b TTx dxY 
16s2c 0.015 ±0.011 
coud 0.003 ± 0.001 
Avg. 0.008 ± 0.004 
0.230 ± 0.123 0.07 
0.267 ± 0.032 0.01 
0.248 ± 0.061 
anx = Y TTu[n(n-1) 2]"1 
b dxy = ^djj [n(n-1 ) 2]"1 
Kruskal-Wallis tests of equality of diversities within and between haplotypes at three 
mtDNA loci: 
c (X21 = 12.36, p = 0.0004) 
d (X2, =27.12, P = 0.0001) 
Table 3. Number of haplotypes, gene diversity, and Ewens-Watterson neutrality tests on continental and 
zoogeographical mtDNA haplotype frequency distributions in M. domestica 
Number No. haplotypes Monomorphic Diversity13 Neutrality test statistic F: 
samples flies total8 private singular populations Hs ± s.e. Observed Expected P* 
Australian 34 802 8 1 1 10 0.25 ± 0.07 0.59 0.45 0.78 
Ethiopian 12 244 19 5 3 1 0.45 ± 0.09 0.31 0.17 0.95 
Nearctic 20 402 19 0 2 9 0.16 ±0.05 0.13 0.23 0.05 
Neotropical 10 192 10 0 1 2 0.27 ±0.10 0.25 0.30 0.37 
Oriental 9 216 11 0 1 3 0.31 ± 0.07 0.32 0.30 0.68 
Palearctic 26 582 22 2 5 13 0.15 ±0.08 0.24 0.18 0.87 
Totals (means) 111 2438 48 8 13 38 (0.26 ±0.07) 
a Kruskal-Wallis test of homogeneity on number of haplotypes: X2S = 10.7, P • 0.06 
b Kruskal-Wallis test of homogeneity on diversity: X25 = 15.6, P • 0.008 
0 F = Zp2, where p, is the frequency of the ith haplotype 
d Probability of an F value from a population of equal size and number of alleles under the infinite allele model. 
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Table 4. Hierarchical partition of zoogeographical mtDNA diversity in M. 
domestica L. by the methods of Nei (1987). 
Source Estimate 
Diversity 
Within populations, Hs 0.27 ± 0.01 
Populations within regions, DP(R) 0.44 ± 0.04 
Among regions, DRT 0.68 ± 0.01 
Total H/ 1.39 ±0.14 
Differentiation 
Populations within regions", GP(R) 0.32 ± 0.01 
Among regions0, GRT 0.49 ± 0.03 
a 
— Hs + DP(Rj + Dr t  
b Gp(R) = Dp(R) HT 
° grt ~ drt ht 
Table 5. Nei's genetic distance (D,y) within regions (diagonally in bold italics), between regions (above 
diagonal) and number of haplotypes shared between regions (below diagonal). 
Australian Ethiopian Nearctic Neotropical Oriental Palearctic 
Australian 0.17 0.67 0.81 0.75 0.73 0.68 
Ethiopian 0 0.26 0.66 0.66 0.63 0.70 
Nearctic 2 6 0.72 0.69 0.67 0.73 
Neotropical 2 2 7 0.49 0.51 0.65 
Oriental 3 4 4 3 0.37 0.67 
Palearctic 3 5 9 6 5 0.62 
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Table 6. Zoogeographical analysis of molecular variance (Weir 1996) of 
mitochondrial haplotype frequencies in M. domestica 
Source of Sum of %of  
Variation d.f. squares Variance variance 
Among regions 5 251.91 0.117 26.0 
Populations within regions 105 533.01 0.227 50.0 
Within populations 2327 255.70 0.110 24.0 
Total 2437 1039.71 0.454 100.0 
Correlation of haplotypes 
Among regions, dRT 0.26 
Populations within regions, 0P(R) 0.76 
Within populations, GST 0.67 
Table 7. House fly population differentiation within regions (GPW, diagonally in bold italics), between regions 
(GRr, above diagonal), and gene flow rates between regions (NmR, below diagonal). 
Australian Ethiopian Nearctic Neotropical Oriental Palearctic 
Australian 0.41 0.66 0.80 0.74 0.72 0.77 
Ethiopian 0.26 0.36 0.68 0.64 0.62 0.70 
Nearctic 0.13 0.23 0.82 0.76 0.74 0.82 
Neotropical 0.17 0.28 0.16 0.64 0.64 0.75 
Oriental 0.19 0.31 0.18 0.29 0.54 0.74 
Palearctic 0.15 0.22 0.11 0.16 017 0.80 
Average pairwise differentiation between regions, GRT = 0.72 ± 0.06 
Average pairwise gene flow between regions, NmR = 0.2010.06 
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49 haplotypes 
0.0 0.1 0.2 0.3 
Haplotype frequency 
0.4 
Figure 1. Haplotype frequency distribution of Musca domestica L. 
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Figure 2. Distribution of population diversity, Hs, in Musca domestica L. 
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CHAPTER IV. MITOCHONDRIAL DIVERSITY IN NEW WORLD Musca 
domestica L. (DIPTERA: MUSCIDAE) 
A paper to be submitted to the Journal of Medical Entomology 
Jose G. Marquez and Elliot S. Krafsur 
Abstract 
Gene diversity at two mitochondrial loci was examined with the single strand 
conformation polymorphism method in house flies, Musca domestica L. sampled in 
six subrogions in the New World. The number of haplotypes and gene diversities 
were homogeneous among subrogions, but a strong spatial component was found 
in the distribution of haplotypes. Nei's differentiation index among subrogions (GRT) 
was 0.53 and that among populations within subrogions (GP(R)) was 0.31. Greater 
differentiation was found among populations in the Nearctic than in the Nootropics. 
Haplotype frequency distributions in two Nearctic subrogions deviated from that 
expected under the neutral infinite allele model, suggesting the existence of 
differential selection patterns. 
Introduction 
The house fly, Musca domestica L, is a synanthropic insect adapted to 
temperate and tropical climates (Greenberg 1976). House flies have a short life 
cycle and a great reproductive potential (Krafsur 1985, Black and Krafsur 1987), and 
exploit a wide range of fermenting substrates for larval development (West 1951 ). 
House flies neither diapause nor survive temperatures of -5°C for more than 
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two hours (Resales et al. 1994). Overwintering in temperate climates is in réfugia 
such as heated buildings and livestock facilities, where they breed slowly (Krafsur 
1985, Black and Krafsur 1986b). As a result, house fly populations in winter 
become fragmented and greatly decrease in size, thereby experiencing local 
bottlenecks. Population bottlenecks cause random fluctuations of allele frequencies 
and reduction of genetic diversity, the latter proportionally to the size of the founding 
population (Futuyma 1998). 
Allozyme electrophoresis was used to track seasonal changes in allele 
frequency in young and old house fly populations in central Iowa (Black and Krafsur 
1986a, 1986c). Flies showed heterogeneous allele frequencies among farms in 
spring, indicating population differentiation. However, populations reached allelic 
homogeneity by summer and remained so until late autumn, when they diverged 
again with the onset of cold temperatures. 
House fly dispersal in spring and summer is expected to restore allelic 
homogeneity among adjacent house fly populations by diffusion. However, the 
homogenizing effect would be less among more widely separated populations. In 
the long run recurrent bottlenecks could cause population to drift and lose allelic 
diversity where the overwintering survivors were few and widely scattered. If the 
foregoing scenario is true for house fly populations in temperate climates, one would 
expect less diversity, but more differentiation, in house fly populations in temperate 
than in tropical climates. 
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A survey of mitochondrial DNA (mtDNA) diversity among cosmopolitan house 
fly populations showed that the Nearctic region was the least diverse among six 
zoogeographical regions (Nei's index he = 0.14), yet it had nearly as many 
haplotypes (13) as the Ethiopian (16), the most diverse of all faunal realms 
(Marquez and Krafsur, unpublished ms). Moreover, haplotypic differentiation among 
populations was greatest within the Nearctic region (Nei's Gsr = 0.81 ) indicating a 
high degree of population structuring. 
After a selective sweep or a population bottleneck, allelic diversity becomes 
reduced and the allele frequency distribution becomes distorted. The distortion 
persists until the population reaches a new selection-mutation-drift equilibrium 
(Maruyama and Fuerst 1985). Detection of such departures from expectations 
under various models of evolution can be used to test hypotheses about 
evolutionary processes. 
The Ewens-Watterson neutrality test (Ewens 1972, Watterson 1978, 
Watterson 1986) can be used to test hypotheses of allelic neutrality. Watterson 
(1978) showed that identity is sufficient to summarize the haplotype frequency 
distribution of a population, and that it can be used to test hypotheses of neutrality 
under the assumption of the infinite allele model (IAM) and mutation-drift population 
equilibrium (Watterson 1986). By comparing the observed identity to that expected 
in a population of equal size with an equal number of alleles, evolving under the 
IAM, and in mutation-drift equilibrium, we can evaluate whether the observed allele 
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frequency distribution comes from a population under selection. The Ewens-
Watterson neutrality test was used to evaluate if the haplotype configurations 
observed among three Nearctic and one Neotropical subrogions conform to that 
expected under the IAM. 
Here we examine gene diversity at mtDNA loci within and among house fly 
populations from the Nearctic and Neotropical regions, in other words, the New 
World. In a worldwide survey of mitochondrial polymorphisms in house flies, 17 
haplotypes were recorded among New World populations of which 10 were shared 
with Palearctic populations (Marquez and Krafsur unpubl). The foregoing data are 
consistent with the idea that New World populations were introduced from the Old 
World (Skidmore 1985). 
Materials and methods 
Nineteen collections were processed from the Nearctic region, and ten from 
the Neotropical region as outgroups (Table 1). Collections consisted of 80-95% 
ethanol preserved flies except those from Iowa, which were caught with a sweep 
net, killed on ice, and stored at -80°C. 
Two mtDNA loci were examined, the ribosomal 16S (16s2) and cytochrome 
oxidase II (CO//) genes. DNA extractions, PCR reactions, and SSCP methods were 
as described in Marquez et al. (2001 ). 
Allelic designations. mtDNA haplotypes were identified by their migration 
distances from the gel origin, and by referencing their migration to that of the 200 bp 
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fragment of the 0x174/Hinfl (Promega G1751 ) size marker. The allelic 
combinations of different loci were used to define haplotypes, as there is complete 
linkage in mtDNA loci. 
Data analysis. The analysis of gene diversity was performed following Nei 
(1987). Population diversity was estimated as he = [n(1 - 2p,2)/(z? - 1 ), where p, = 
(x/n) and x, is the number of copies of the ith haplotype detected in a sample of n 
flies. The mean diversity over s populations was estimated as hs = zhg/s. The 
variance of he was estimated by using Nei's (1987) adjusted for haploid systems: 
Var (AU = (2/{n{n - 1)))*(2*(n - 2)*(Zp,3 -(Ip2)2)+ Ip,2 -(Ip2)2. 
The total gene diversity (ht) was partitioned into diversity within populations Hs, 
between populations within subrogions dp[s], and between subrogions, Dsr, 
according to the relationship ht = hs + dp[s] + dst. The magnitude of genetic 
differentiation between subrogions was estimated as gst = dst/ht, and that of 
populations within subrogions as gpls] = dpis/ht. The variances of gst and gp[sj 
were estimated according to Chakraborty (1974). 
Hierarchical analysis of molecular variance (AMOVA) of haplotype 
frequencies was performed according to Weir (1996). The total variance of 
haplotype frequencies was partitioned into the within and between subregion 
components according to a random ANOVA model with a nested treatment 
structure. 
Gene flow rates were also estimated from private haplotype frequencies as 
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described in Slatkin (1985). The frequency of each haplotype was calculated over 
the range of populations where it occurred. Then, the average frequency was taken 
over all haplotypes, P„ and used in calculating the gene flow rate according to the 
relationship Nm = Log10 1 [(Log10 (P,)+1.11)/- 0.576] (Slatkin and Barton1989). 
The Ewens-Watterson neutrality test (Ewens 1972, Watterson 1978) was 
performed on subregional haplotype configurations to test the null hypothesis of 
haplotypic neutrality. This test uses the identity test statistic F = Ep,2, where p, = (x, 
In) is the frequency of the /th haplotype, to summarize the haplotype frequency 
distribution in a population. The test compares the observed identity to that 
expected in a population of equal size and number of haplotypes evolving under the 
infinite allele model (IAM) and under mutation-drift equilibrium. Further, it calculates 
the probability of obtaining the observed identity under the null hypothesis of 
neutrality. Low probability values lead to the rejection of the null hypothesis of 
neutrality. 
Correlation analysis was performed between population diversity, number of 
haplotypes, and degrees of Northern latitude to test hypotheses of reduced diversity 
and heteroallelism as localities proceeded northward. Kruskal-Wallis non-
parametric analyses of variance of differentiation indices were performed to test the 
hypothesis of equality of differentiation within and between subrogions. 
Genetic statistics, correlations, and non-parametric ANOVAs were calculated 
with SAS ver. 6.12 (SAS Institute, 1996). Analysis of molecular variance and 
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neutrality tests were calculated with the software Arlequin 2.0 (Schneider et al. 
2000). 
Results 
Twenty haplotypes were detected among 29 populations surveyed. The 
numbers of haplotypes and levels of gene diversity were statistically equal in all 
subrogions, as tested by Kruskal-Wallis tests of equality on number of haplotypes 
and gene diversity (Table 2). 
The distribution of haplotypes among subrogions was discrete. A strong 
association between haplotype frequencies and subrogions was detected by the 
contingency coefficient, C = 0.81. The latter measures the strength of the 
association between subrogions and haplotype frequencies. It takes values from 
zero to unity. 
None of 20 haplotypes was ubiquitous, 4 (20%) haplotypes were private (e.g. 
found in one population only), and three were singular (e.g. found in one fly only) 
(Table 2). Private and singular haplotypes were found in the Nearctic, but only one 
singular haplotype in the Nootropics (Table 2). Moreover, only three of 20 
haplotypes were shared by four subrogions, and 8 (40%) were confined to one 
subregion (Figure 1 ). Eight haplotypes were common to the Nearctic and 
Neotropical regions, and of the twelve regionally private haplotypes ten ocurred in 
the Nearctic and only two in the Neotropical. The foregoing suggests a considerable 
degree of genetic isolation. 
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There was more isolation between populations in the Nearctic than in the 
Neotropical region. The average shared identity between populations in the Nearctic 
(Ju) was 0.23 ± 0.02, and that in the Neotropical was 0.54 ± 0.13 (Table 3). Those 
values were significantly different according to a Kruskal-Wallis test of homogeneity 
(X=i = 3.85, P = 0.05). 
There was no indication of a longitudinal gradient in heteroallelism or gene 
diversity, as tested by correlation analysis between number of haplotypes, gene 
diversity, and latitude. Only a weakly negative correlation between the number of 
haplotypes in populations and latitude was detected (Pearson correlation coefficient 
(r = - 0.40, P = 0.07). Similarly, population diversity correlated poorly with latitude 
(r = 0.11, P = 0.62, Figure 2). 
The hierarchical partition of the total diversity (Hr) indicated substantial 
differentiation between subrogions. Unshared gene diversity between subrogions 
(Drt) was 0.70, and that of populations within subrogions (DP(R)) was 0.41 (Table 4). 
These indices are also a measure of genetic distance among subrogions. 
The coefficient of differentiation among subrogions (GRT) was 0.53, and that 
among populations within subrogions (GPfR;) was 0.31. The first coefficient is the 
probability that two randomly chosen flies, one from each of two subrogions, have 
different haplotypes, and the second one the probability that two randomly chosen 
flies from any two populations from any subregion will have different haplotypes 
(Table 4). 
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Pairwise differentiation between subrogions was substantial and 
homogeneous across all pairwise comparisons (Table 5). Also, much more 
population differentiation was found within the Nearctic subrogions (avg. Gsr - 0.80 
± 0.14) than within the Neotropical subrogions (Gsr = 0.28 ± 0.18, Table 5). 
Analysis of variance showed that most of the variance of haplotype 
frequencies was attributed to differences among populations within subrogions 
(Table 6). The coancestry coefficient B is analogous to Wright's Fsr, and can be 
interpreted as the correlation of haplotypes among hierarchically grouped 
populations. Among subrogions (dCT) was 0.12 and among populations within 
subrogions (@sr) was 0.81. The foregoing means there was considerably less 
differentiation among than within subrogions. 
Differentiation and gene flow estimates among subrogions, based on Nei's 
Gst, Weir's dST, and Slatkin's private haplotypes, are presented in Table 7. The 
estimates based on Nei's and Slatkin's methods fall in close proximity but not that 
based on Weir's 9ST. 
The results of the Ewens-Watterson tests (Table 8) led to the rejection of the 
null hypothesis of haplotype neutrality in Eastern and Western Nearctic, but not in 
the Midwestern Nearctic or Neotropical subrogions. This shows that some kind of 
selection caused the haplotype frequency distributions in the Nearctic, but not in the 
Neotropical region to deviate from that expected under the IAM. Why was there no 
selection detected in Midwestern Nearctic and Nootropics is an interesting question. 
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Further explanations are given in the discussion section. 
Discussion 
There was a discrete spatial distribution of haplotypes among the six subrogions 
examined. A considerable proportion of haplotypes (40%) were confined to one 
region and only two (15%) were shared by four subrogions, indicative of substantial 
genetic differentiation among subrogions. The foregoing is also reflected in the 
number of private haplotypes, and in the low proportion of haplotypic identity shared 
among subrogions. 
The partition of total mtDNA diversity showed a high level of differentiation 
within and between subrogions. Based on Wright's (1943) island model and the 
relationship Nm = (1-Gsr)/(2 GST) proposed by Takahata and Palumbi (1985), the 
average number of effectively reproducing female migrants per generation 
suggested by the observed levels of differentiation are one female every two 
generations between subrogions, and one female per generation between 
populations within subrogions. We consider these maternal rates of gene flow to be 
small. The threshold for differentiation to occur via genetic drift is about one migrant 
per generation (Wright 1978). 
The estimates of Nm from three methods differed considerably. However, 
the differences between the estimates with Nei and Slatkin's methods were less 
pronounced than those between Weir's and either Nei's or Slatkin's method. Such 
differences stems from @sr's inability to retrieve information on population structure 
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present in the number and distribution of private haplotypes. In this study seven 
(35%) of 20 haplotypes were private or singular and they occur in three of six 
subrogions. Moreover, such skewed spatial distribution of private alleles may also 
include some bias in the Nm estimates as hinted in Slatkin and Barton (1989). Nei's 
method, on the other hand, is not affected by but retrieves population structure 
information from private alleles. 
It is interesting that even though the numbers of haplotypes and levels of 
diversity were not correlated with latitude, their spatial distribution was considerably 
more discrete in northern latitudes. All haplotypes in the Mexican subregion were 
present in the Nearctic and Chilean and Brasilean subrogions, but not the opposite. 
Also, population haplotypes were homogeneous in the Mexican subregion, but 
heterogenous in the Nearctic, which is reflected in the greater differentiation within 
subrogions in the Nearctic than in the Nootropics. Average differentiation within 
Nearctic subrogions was three times greater than that in the Nootropics. Such a 
difference would be difficult to explain based on isolation by distance alone, since it 
takes only one reproducing migrant fly per generation to prevent differentiation. 
The Ewens-Waterson tests led to the conclusion that selection was operating 
in Nearctic but not in Neotropical subrogions, which caused the haplotype frequency 
distributions to deviate from the expectation under the IAM. A question arises 
naturally. Why is there selection in the Nearctic but not in the Nootropics? A 
plausible explanation would seem to be that chemical control procedures and 
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biological waste management (e.g. agricultural, human, and animal wastes) in the 
Nearctic region create temporal and spatial discontinuities of favorable environment 
for house flies, forcing populations to localized foci and subject to different selection 
regimes. Further, the temporal variation of genotypic frequencies is consistent with 
the hypothesis of house fly adaptation to local conditions, because different 
selection regimes may exist among the different resources house flies exploit (Black 
and Krafsur 1986a). The foregoing scenario is not found in the Nootropics, where 
house fly populations thrive year around on basically unrestricted resources and no 
artificial population control, and thus the Neotropical populations are most likely at 
equilibrium between selection and drift. 
In the Nearctic, however, house fly populations are subject to seasonally 
recurrent winter population bottlenecks which causes populations to diverge via 
genetic drift (Black and Krafsur 1986a). The foregoing brings to question the 
assumption of population mutation-drift equilibrium of the Ewens-Watterson test. 
However, the distortions that population bottlenecks cause on allele frequency 
distributions differ from changes due to selection, making the test robust to changes 
in population size except in extreme cases (Watterson 1986). The effect of extreme 
population bottlenecks on the Ewens-Watterson test is a reduction in detection 
power, which increases the type II error, e.g., failing to reject a false null hypothesis 
of neutrality. 
Recurrent bottlenecks could cause random fluctuations in mtDNA haplotype 
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frequencies, producing in the long run a discrete spatial distribution of haplotypes, 
because the balancing effect of dispersal against drift would be rather localized, 
given the relatively short window of time until the occurrence of the next winter 
bottleneck. Thus, distantly located demes may remain relatively isolated for 
extended periods of time. 
Periodic selection at a mtDNA locus eliminates neutral haplotypes at other 
loci ( e.g. could cause a hitchhiking effect) and causes reduction of diversity, 
because the mitochondrial genome is uniparentally transmitted and does not 
recombine (Maruyama and Birky 1991). Moreover, selective sweeps could also be 
driven by endosymbionts, like Wolbachia pipientis, which cause cytoplasmic 
incompatibility between infected males and uninfected females, resulting in post-
mating reproductive incompatibility (Beard et al. 1993). Since both W. pipientis and 
mtDNA are maternally inherited and uninfected females would be at a reproductive 
disadvantage, a widespread symbiotic infection could potentially replace all 
haplotypes of uninfected populations with those of infected ones. 
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Table 1. House fly collections from the New World. 
Population No.samples Subregion Environment Contributors 
Bolivia 2 Brazilian J. Obryki 
Chile 3 Chilean K. Fisher 
Pullet Farm J. Hogsett 
Uruguay 2 Chilean Beef Farm R. D. Moon 
Honduras 1 Mexican Garbage L. Weiser 
Panama 1 Mexican Garbage J. Cema 
Guatemala 1 Mexican Coffee farm W. Morjan 
Florida 1 Eastern Dairy farm E. Krafsur 
South Carolina 1 Eastern Poulty farm P. Adler 
Maryland 1 Eastern 0. O'brochta 
Delaware Eastern D. Walker 
New York 1 Eastern Dairy farm J. Scott 
Maine 1 Eastern Dairy farm G. Courtney 
Alberta Midwestern Livestock center T. Lysyk 
Minnesota 1 Midwestern Dairy farm R. Moon 
Iowa 1 Midwestern Swine farm G. Marquez 
Illinois 1 Midwestern Campground M. Baker 
Missouri 1 Midwestern Swine farm D. Holland 
Texas 1 Midwestern HF culture 
Arizona 1 Western M. Baker 
California 2 Western Swine N. Hinkle 
Dairy farm N. Hinkle 
Washington 1 Western Egg Farm 0. Wohlford 
South Dakota 1 Midwestern Garbage M. Endsley 
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Table 2. Mitochondrial haplotypes and diversity in M. domestica from the New 
World. 
Number of haplotypes Gene 
Region Subregion N Total I1 Private Singular Shared 
diversity2 
Hs ± s.e. 
Nearctic Eastern 136 6 3 0 3 0.08 ± 0.06 
Midwestern 144 8 1 2 5 0.08 ± 0.04 
Western 114 9 0 0 8 0.32 ± 0.06 
Neotropical Mexican 72 4 0 0 4 0.18 ±0.10 
Brazilian 24 3 0 0 3 0.41 ± 0.09 
Chilean 96 10 0 1 9 0.27 ± 0.05 
Total (Mean) 586 4 3 (0.22 ± 0.06) 
1 Kruskal-Wallis test of equality of number of haplotypes, X2S = 6.93, P - 0.22 
2 Kruskal-Wallis test of equality of subregional diversity, X25 = 7.63, P - 0.18 
Table 3. Shared identity index, Ju, within subrogions (diagonally in bold italics), between subrogions (below 
diagonal), and number of haplotypes shared between subrogions (above diagonal), in New World house fly 
populations. 
Nearctic Neotropical 
Eastern Midwestern Western Mexican Brazilean Chilean 
Eastern 0.24 0 2 2 1 2 
Midwestern 0.00 0.26 3 1 1 3 
Western 0.08 0.07 0.19 3 0 5 
Mexican 0.30 0.01 0.19 0.82 1 4 
Brazilean 0.01 0.11 0.00 0.02 0.53 3 
Chilean 0.02 0.11 0.03 0.07 0.28 0.27 
Ju = Zp/kpyk, where p,k refers to the frequency of haplotype k in the population /. 
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Table 4. Hierarchical partition of mitochondrial diversity within and between 
subrogions in New World house fly populations (Nei 1987). 
Index Estimate ± SE 
Diversity 
Within populations (Hs) 0.22 ± 0.02 
Among populations within subrogions (DP(R)) 0.41 ± 0.05 
Among subrogions (DRT) 0.70 ± 0.01 
Total (Hr) 1.33 ±0.15 
Differentiation 
Among populations (GST) 0.17 ± 0.00 
Among populations within subrogions (GP(R)) 0.31 ± 0.02 
Among subrogions (GRT) 0.53 ± 0.01 
Table 5. Pairwise differentiation between subregions (GRT, above diagonal), between populations within 
subregions {Gm, diagonally in bold italics), and gene flow rate between subregions (Nm, lower diagonal) in 
New World house fly populations. 
Nearctic Neotropical 
Eastern Midwestern Western Mexican Brazilean Chilean 
Eastern 0.90 0.92 0.79 0.83 0.76 0.82 
Midwestern 0.04 0.89 0.79 0.87 0.73 0.80 
Western 0.13 0.13 0.62 0.69 0.64 0.70 
Mexican 0.11 0.08 0.22 0.02 0.70 0.76 
Brazilean 0.16 0.19 0.28 0.21 0.18 0.54 
Chilean 0.11 0.12 0.21 0.16 0.43 0.64 
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Table 6. Analysis of molecular variance at two mitochondrial loci in New World 
house fly populations. 
Source of 
Variation d.f. 
Sums of 
Squares 
Variance 
component 
Percentage 
of variance 
Among groups 5 
Among populations 
Within groups 23 
Within populations 557 
Total 585 
59.75 
149.01 
49.29 
258.05 
0.056 
0.319 
0.089 
0.464 
12.1 
68.75 
19.18 
Fixation Indices Correlation of haplotypes 
dsc: 0.78 Among populations with respect to subregions 
9st : 0.81 Among populations within subregions with respect to the total 
Qct : 0.12 Among subregions with respect to the total 
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Table 7. Differentiation indices and gene flow rate estimates between 
subrogions in New World house fly populations based on haplotype diversity 
(Nei 1987), haplotype correlations (Weir and Cockerham 1984), and private 
haplotypes (Slatkin 1985). 
Estimates of gene flow (Nm)a based on 
Differentiation index 
Gene flow rate estimates 
CD 
®sr Private alleles 
0.53 0.12 0.42 
0.44 3.66 0.69 
a Nm - Average number of female reproducing migrants per generation 
- (1- GsrV2 Gst or (1-9sr)/2 0ST 
= Log10"1((Log10(p,) + 1.11 )/-0.576), where p, is the conditional frequency of 
the /th private haplotype 
Table 8. Ewens-Watterson neutrality tests of mitochondrial haplotypes of M. domestica from the New World. 
Nearctic Neotropical 
East Midwest West Mexican Brazilean Chilean 
Sample size 136 144 114 72 24 96 
N° of haplotypes 6 8 9 4 3 10 
Observed F1 0.24 0.26 0.13 0.82 0.53 0.27 
Expected F 0.45 0.36 0.26 0.55 0.57 0.27 
P value2 0.031 0.22 0.007 0.92 0.47 0.58 
1 F = 1 pf, where p, is the frequency of the ith haplotype. 
2 Probability of an F value in a population of equal size and number of alleles under the infinite allele model. 
117 
0.50 
0.45 
0.40 
Oî 0) 
>; 0.35 
0 
js 0.30 
c5 0.25 
8 0.20 
1 0.15 
ol 
0.10 
0.05 
0.00 
0 1 2 3 4 5 6 
No. of subregions 
20 Haplotypes 
Figure 1. Proportion of shared haplotypes among increasing numbers of 
subregions in New World house flies. 
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Figure 2. Plot of population gene diversity on latitude. 
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GENERAL DISCUSSION 
The SSCP technique. This technique worked well in the survey of gene 
diversity in natural Musca domestica populations. Considerable levels of diversity were 
cost-effectively detected at ten mitochondrial loci, sufficient to examine population 
structure at various geographical scales. Also, useful insights on the application of 
SSCP to population genetic surveys were obtained from the analysis of nucleotide 
diversity within and between SSCP phenotypic classes. 
The SSCP technique can detect nearly all single base variants in a DNA 
molecule of up to 200 bp of length when optimized for a particular fragment. However, 
when applied to population genetic surveys the target mutations are unknown, and then 
SSCP conditions needed to be empirically determined. Therefore, consistency in 
SSCP electrophoresis becomes important so that PCR-amplified DNA molecules from 
different localities will be consistently assigned to SSCP phenotypes. 
Two types of error were detected by aligning and analyzing the nucleotide 
sequence of SSCP phenotypes: 1 ) Erroneously assigning identical genotypes to 
different phenotypes, 2) Erroneously assigning different genotypes to identical 
phenotypes. The first type of error can be detected by simple inspection of nucleotide 
sequence alignments of all phenotypes at a locus. The second one though, cannot be 
detected by simple inspection of nucleotide sequence alignment because of the 
possibility that different nucleotide sequences assume conformations with equal 
migration rates at the SSCP conditions used. However, under consistent assignments 
of phenotypes the nucleotide diversity within will be considerably smaller than that of 
120 
between phenotypes. I found 22 times more diversity between than within phenotypes, 
which is in support of a consistent assignments of phenotypes. 
Alleles vs. haplotypes. The hierarchical diversity estimates based on single-
locus allele frequencies varied considerably over the eight loci examined, and yielded 
contrastingly different patterns of population structure compared to the analogous 
indices based on haplotypes constituted at two or more loci. The foregoing is in part 
the result of the tight linkage among mitochondrial loci which ultimately restricts the 
levels of diversity at different loci. Thus, analyses of haplotypes constituted at various 
loci rather than alleles at single-locus would yield greater estimates of diversity with 
relevant biological meaning. The question is then, How many loci to examine? 
Even though SSCP is a relatively simple, cost-effective technique to detect 
genetic diversity, a substantial amount of effort can be saved by reducing the number of 
loci to be scored in a survey without significantly reducing the amount of information 
retrieved. 
On the number of loci. The results from chapter two indicated that increasing 
the number of loci that haplotypes are constituted of accrues only marginal increases in 
gene diversity within populations, but at higher hierarchies the diversity indices 
marginally decreased. In fact, the analysis of haplotypes constituted at two loci 
provided as much information on population structure as would an analysis of 
haplotypes constituted at more than two loci. Moreover, the foregoing results were 
independent of the combination of loci used in forming haplotypes. 
Gene flow rate among house flies worldwide. The zoogeographical analysis 
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of haplotype diversity showed that the Ethiopian region is the most diverse and the 
Palearctic and Nearctic were the two least diverse. The degree of differentiation among 
populations within regions varied zoogeographically, the Ethiopian region was the least 
differentiated and the Nearctic and Palearctic the two most differentiated. Overall, there 
were substantial levels of zoogeographical differentiation at all hierarchical levels, which 
were estimated by three different methods. 
The great levels of differentiation were also reflected by the discrete spatial 
distribution of haplotypes, e.g., 55% of haplotypes were zoogeographically confined, 
and also by the positively skewed frequency distribution of haplotypes, 85% of the 
haplotypes had frequencies s 5%. 
Those results are surprising when considering that house flies are synanthropic 
insects and the great chances for assisted movement of flies through different 
transportation means. 
The neutrality tests on haplotype frequency distributions indicated that some 
selection regimes may be present in the Nearctic but not in any other region in the New 
World. Such a result, while not conclusive evidence of selection alone at work, opens a 
plausible explanation for the skewed frequency distribution of haplotypes in the 
Nearctic, namely, that not periodical changes in population size but mainly differential 
selection regimes could be distorting the haplotype frequency from what is predicted 
under the neutral theory. 
Gene flow rate among New World house flies. Substantial differentiation was 
detected within and between the Nearctic and Neotropical populations. However, the 
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degree of differentiation in the Nearctic was 3 times greater than that detected in the 
Neotropics. The foregoing is congruent with the pronounced spatial and temporal 
environmental discontinuities created by chemical and sanitary control measures, which 
force house fly populations to spatially and temporally localized foci, causing 
populations to diverge via genetic drift. The presence of selection regimes was 
indicated by neutrality tests on subregional haplotype distributions. Such tests were 
significant in two of three subregions in the Nearctic and in none of the Neotropical 
ones. 
In summary, substantial genetic diversity was detected at eight mitochondrial loci 
with the SSCP technique. When applied to survey for diversity in natural populations, it 
is important to examine the nucleotide sequence within and between phenotypes, so 
that accurate and consistent scores can be made. 
Analysis of mitochondrial haplotypes constituted by two loci yielded as much 
information on population structure as analyses of haplotypes constituted at greater 
numbers of loci or at any number of single-locus alleles. 
Diversity estimates were highest in the Ethiopian and lowest in the Nearctic 
regions. Considerable levels of differentiation were detected among house samples 
from six zoogeographical regions, and also among subregions in the New World. 
Further analysis, not included in this document, are being conducted on 
population structure of house flies from Eurasia and the South Pacific regions. 
Appendix A. Frequencies of mitochondrial haplotypes at two loci (16S2 and 
CO//) in worldwide samples of Musca domestica L. 
Zoogeographical region Population code Sample size Haplotype Freq. 
Bali_010 24 EH 1.00 
Bali_011 24 EH 1.00 
Bali_013 24 EH 1.00 
Bali_018 24 EH 1.00 
lrianjaya_1 24 BH 0.04 
EH 0.96 
lrianjaya_2 24 BH 0.08 
EH 0.92 
lrianjaya_3 24 BH 0.04 
EH 0.96 
lrianjaya_4 24 BH 0.13 
EH 0.88 
Jakarta_Central 24 BH 0.08 
EH 0.75 
EJ 0.17 
Jakarta_North 24 BH 0.04 
EA 0.04 
EH 0.71 
EJ 0.21 
Java_Central_1 24 BJ 0.04 
EH 0.71 
EJ 0.25 
Java_West_1 24 EE 0.08 
EH 0.63 
EJ 0.29 
Java_Central_2 24 AH 0.08 
EA 0.04 
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Appendix A, continued... 
Java_West_2 
Java_Central_3 
Java_West_3 
Java_Central_4 
Java_West_4 
Java_Central_5 
Java_West_6 
Lombok_001 
Lombok_002 
Palau_AG 
Palau_KR 
Palau_KY 
Sumatra_2A 
Sumatra_2B 
Sumatra_2C 
Sumatra 3A 
EH 0.63 
EJ 0.25 
24 EH 0.63 
EJ 0.38 
24 EH 0.83 
EJ 0.17 
24 EH 0.58 
EJ 0.42 
24 EH 1.00 
24 EH 0.79 
EJ 0.21 
24 EH 0.88 
EJ 0.13 
AH 0.21 
EH 0.42 
EJ 0.38 
24 AH 0.50 
EH 0.38 
EJ 0.13 
24 EH 1.00 
24 BH 0.13 
EH 0.88 
10 DA 0.90 
EH 0.10 
24 DA 1.00 
24 DA 1.00 
24 EH 1.00 
24 EH 1.00 
24 BH 0.46 
EH 0.54 
24 EH 0.79 
Appendix A, continued.. 
Ethiopian 
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EJ 0.21 
Sumatra_3B 24 EH 0.92 
EJ 0.08 
Sumatra_3C 24 EH 0.83 
EJ 0.17 
Sumbawa 24 BH 0.08 
EH 0.92 
Yogykarta 24 EH 0.79 
EJ 0.21 
Ethiopia_B 12 AA 0.33 
AB 0.17 
BA 0.50 
Ethiopia_J 24 AA 0.46 
AB 0.13 
AN 0.08 
BA 0.25 
BM 0.08 
The Gambia 16 AF 0.13 
AI 0.75 
AK 0.13 
Kenya_L1 24 AA 1.00 
Senegal_D 24 AA 0.88 
AB 0.04 
AD 0.04 
AE 0.04 
Senegal_T 24 AA 0.92 
AB 0.04 
AC 0.04 
South Africa_J 24 CB 0.63 
CE 0.33 
GE 0.04 
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Appendix A, continued... 
Nearctic 
Tanzania_T 16 DB 0.44 
DE 0.56 
Zanzibar 8 AB 0.13 
AJ 0.38 
CE 0.13 
IB 0.13 
ID 0.25 
Zimbabwe_H1 24 AA 0.46 
AB 0.42 
AC 0.13 
Zimbabwe_H2 24 AA 0.79 
AB 0.21 
Zimbabwe_H3 24 AA 0.79 
AB 0.21 
Arizona_T 16 AA 1.00 
California_D 24 CA 0.21 
CE 0.79 
Califomia_H 24 CA 0.25 
CE 0.75 
Canada_E 10 DB 0.40 
DE 0.60 
Canada_L 24 EA 1.00 
Delaware_L 8 DE 1.00 
Delaware_N 8 DE 1.00 
Florida_A 8 EF 0.88 
EG 0.13 
Florida_T 24 EF 1.00 
lowaJSU 24 AA 0.92 
AB 0.08 
lllinois_F 24 EF 1.00 
Maryland_C 24 EC 1.00 
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Appendix A, continued... 
Neotropical 
Maine_W 24 EC 0.17 
EE 0.83 
Minnesota_SP 24 EE 1.00 
Missouri_C 24 CA 1.00 
New York_C 24 EA 0.92 
EB 0.08 
South Carolina_CL 24 EA 0.96 
EB 0.04 
South Dakota_C 24 BF 0.04 
EF 0.96 
Texas_M 24 CA 0.88 
CB 0.08 
GA 0.04 
Washington_P 16 EF 0.50 
EG 0.38 
FF 0.13 
Bolivia_C 8 EB 0.13 
EE 0.88 
Bolivia_E 16 EB 0.38 
ED 0.06 
EE 0.56 
Chile_EI 8 EF 0.63 
EG 0.13 
FF 0.13 
FG 0.13 
Chile_LC 24 EE 1.00 
Chile_U 16 EF 1.00 
Guatemala 24 EA 0.88 
EB 0.08 
EF 0.04 
Honduras 24 EA 0.88 
Appendix A, continued-
Panama 
Uruguay_E 
Uruguay_M 
Oriental lndia_D1 
lndia_D2 
India M 
India MR 
India T 
Laos_S 
Thailand CM 
Thailand L 
EB 0.08 
EF 0.04 
24 EA 0.96 
EG 0.04 
24 AB 0.04 
EA 0.17 
EB 0.79 
24 DB 0.04 
EB 0.79 
ED 0.17 
24 EA 1.00 
24 EA 1.00 
24 AE 0.17 
AK 0.50 
EA 0.04 
EE 0.29 
24 AE 0.21 
AK 0.38 
EE 0.42 
24 AE 0.13 
AK 0.38 
EE 0.38 
EJ 0.04 
EK 0.08 
24 AE 1.00 
24 EA 0.88 
EQ 0.04 
IA 0.08 
24 AA 0.13 
AF 0.04 
EA 0.79 
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Appendix A, continued... 
Palearctic 
EB 0.04 
Thailand_NP 24 EA 0.92 
IA 0.08 
lsrael_av 24 EB 1.00 
lsrael_hk 24 EB 1.00 
lsrael_kd 12 EB 1.00 
lsrael_ta 10 CB 0.10 
EB 0.90 
Egypt_C1 24 DH 0.08 
ED 0.08 
EH 0.75 
EJ 0.04 
EK 0.04 
Egypt_C2 24 ED 0.08 
EH 0.92 
Egypt_C3 24 DD 0.04 
DH 0.04 
ED 0.08 
EH 0.83 
Egypt_C4 24 DH 0.04 
EH 0.96 
Egypt_C5 24 DH 0.04 
EB 0.04 
ED 0.04 
EH 0.79 
El 0.08 
Austria_S 24 AA 0.63 
AB 0.08 
AC 0.13 
CA 0.08 
FA 0.08 
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Appendix A, continued... 
England 8 CC 0.13 
CE 0.50 
CJ 0.13 
HB 0.13 
HF 0.13 
Spain_B 8 AA 0.13 
AB 0.88 
Kazakstan_A1 24 EF 1.00 
Kazakstan_A2 24 EF 1.00 
Korea_A1 24 EA 1.00 
Korea_A2 24 EA 1.00 
Korea_A3 24 EA 0.88 
EB 0.13 
Okinawa 48 EA 1.00 
Russia_KR 24 EF 1.00 
Russia_01 24 EF 0.96 
EG 0.04 
Russia_SLK 24 EF 1.00 
Russia_SLP 24 EF 1.00 
Russia_SMR 24 EF 1.00 
Russia_SP 24 EF 0.92 
EG 0.08 
Russia_U1 24 EB 0.04 
EF 0.83 
EG 0.13 
Russia VH 16 EF 1.00 
APPENDIX B. Image of an SSCP gel showing differential migration of haplotypes of COII locus. 
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